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SUMMARY

The results of tests of a 12-inch diameter model fan impeller in
severai different volute casings are presented and discussed.

The impel.ier was a 1/5-scale model of the amphibious assault land-
irg craft (AALC) JEFF(B) air cushion vehicle lift fan impellers,
and one eoject of the tests was to determine its suitability for
o,.e in the AALC JEFF(A), whose original fans failed structurally.

In addition to performance testing, numerous velocity and pres-
sure surveys were performed at speeds from 2500 to 4000 rpm for a
total of five volute configurations. The results of all these
tests are presented and discussed in detail.

Comparisons are made between the test results and previous pre-
dictions for the performance of this impeller in a Bell-designed
compact volute and in the JEFF(A) volute.

Better efficiency was obtained in the Bell volute. However,
performance in the JFFF(A) volute exceeded predictions. Conse-
quently, it was possible to recommend the JEFF(B) impeller,
scaled to a suitable size (about 4 feet in diameter), as a direct
replacement for the original JFFF(A) impellers without an)y change

to the fan casing or the genr ratio. The only other change needed
is the provision of slightly modified inlet bellmouths.

Full-scale performance predictions are provided in dimensional
and nondimensional form, and the choice of an exact full-scale
impeller diameter is discussed.
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t PREFACE

This report summarizes the work performed under
Contract N00014-78-C-0493 and Purchase Order
N0O014-79-M-0021 issued by the Office of Naval
Research. It covers the design and test of a
suitably scaled model of the Bell Aerospace
Textron lift fan, as built for the AALC JEFF(B)
vehicle, in an optimum conventional volute and
in a scale model of the AALC JEFF(A) fan volute.

The contract work efforts were monitored by the
David W. Taylor Naval Ship Research and Develop-
ment Center (DTNSRDC). The Technical Monitor
for DTNSRDC was Mr. Z. George Wachnik. Testing
was performed at the Air Cushion Vehicle Labora-
tory of Bell Aerospace Textron located in
Buffalo, New York.
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INTRODUCTION

The fan, for the amphibious assault landing craft (AALC) JEFF(B), which is an
air cushion vehicle, were develcped as the result of a long research and test
program. Aerodynamically, the fans proved satisfactory in a 1/b-scale, radio-
controlled, free flight model and in the full-scale craft. Structurally, the
full-scale fans have proved to be extremely robust, withstanding the normal
rigors of operation over the beach and rough terrain, and even the ingestion
0of large foreign objects with only minor damage.

When structural problems develope,! with the fans in the AkLC JEFF(A), Bell
Aerospace Textron proposed the use of a scaled-down version of the JEFF(B) fan
intveller as a potential replacement. Ho,'ever, the JEFF(B) impellers operate
in a unique double-discharge. Siamese-twi' volute arrangement, and the exact
performance in a conventional single-discharge volute was not known. Accordingly,
it was proposed to cot.Juct a test program to determine the performance in a
Biell-designed con-act volute and in the existing JEFF(A) volute at a sufficiently
large model scale to provide good confidence in scaling the results to full-
$s1-e :a;l Performance. hith this in mind, an inpeller diameter of 1 Aiiches
uas chosen. This was also a good practical choice since a suitable test rig
uhi'h could be readily modified was available which had been used previously
for a doub'e-wid,.h 12-inch diameter impeller.

Based on the pron-"i•g full-scale performance predictions which indiceted that
the JEFF'A) lift systen requirenent€ vc.uld be met with a scaled JEFF(B) irpeller
at lower rotational speed, a decision was made by the Navy to issue a contract
to carry out model tests. The tests were intended to verify the predictions
anJ to estabflish the carabilities of the proven JEFFkB) impeller design in con-
ventional volutes.

A l,-.nzh dianeter model impeller was designed and procured from Centre Corpora-
t tiorn. T-he test rig at the Air Cushion Vehicle Laboratory, Bell Aerospac^
Textron, Buffalo. New lork, was renovated and rodified to accept the neo single-
6idth ir:,,e'1er. Prelirinary tests were made using the existing volute spirzal

* to estabýish the test procedure and data reduction method.

,d'-fmcatons were made to the volute geomet;-y to better suit t,ý.e neu ir;,eiler.
After a .econd change to the cut-off t, sitiMn and a s.alt increase of volute
uwi.,h. resItf were bv,,ined which. matched the 1redictients alnost exactly.. Fcr
this configuration, extensive velocity and pressure surveys were perfoera-ed at
the inlet, inside the velute, and at the discharge section. All these resu:ts
are fully discussed later in the report.

In independent researchanJdevelopment (lkW) fan progra•s in previous yer.-r, goo-
resu:ts had been obtained •ith log sriral volutes. an- it was said during the
1 proposal l.scussions that it was intended to test the impeller in such I volute.
4,ccordinfly. a log spiral was designed with a spiral angle ef 10M9 degres.t and
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a volute was constructed on this basis. However, preliminary test results were
disappointing compared with those obtained with the much more compact volute
already tested. In view of the strict limitations of hours for this program,
it was decided not to pursue this approach, and after velocity and pressure
surveys had been taken, the rig was dismantled in preparation for the installa-
tion of the JEFF(A) volute and diffuser configuration.

The JEFF(A) fan installation includes several features which are less than
ideal if optimum performance is sought. For instance, there is a sharp change
of direction at the volute discharge and an offset in the diffuser which is
apparently necessary to accommodate a mismatch between the fan discharge and
the lift system opening. Allowance had to be made for these features and for
the reduced volute volume ratio in making predictions of the performance of the
JEFF(B) impeller in the JEFF(A) volute. In the event, the corrections applied
proved to be too pessimistic and the JEFF(B) impeller performed better than
expected in the JEFF(A) volute, though not as efficiently as in the Bell-designed
volute. However, the results were sufficiently encouraging that a recommenda-
tion was made to simply install scaled-down JEFF(B) impellers directly in the
JEFF(A) existing volutes.

Once again, extensive velocity and pressure surveys were carried out, including
surveys on the inlet and outlet of the diffuser. As expected, a region of the
flow separation was identified in the JEFF(A) diffuser.

From the test data for the best Bell volute and the JEFF(A) volute, full-scale
fan performance predictions were made in both notidimensional and dimensional
form. It was clearly shown that the JEFF(A) lift system requirements could be
met with either volute configuration with reduced fan rotational speed, and
therefore, with lower stresses than in the original design. In addition, the
geometry of the JEFF(B) impeller provides inherently greater structural strength
due to its smaller blade width ratio and steeper blade angle, apart from the
possible advantages of using mechanical fastening construction methods instead

" * of welding.

•:.1
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1. DESCRIPTION OF TEST ARTICLE

The JEFF(B) fans have centrifugal, backward sloped-airfoil impellers of the
double-width, double-inlet type. Figure 1 is a photograph of a JEFF(B)
impeller prior to installation in the craft. Details of the construction can
be clearly seen. Figure 2 is a photograph of the 8-inch-diameter model impel-
ler used in the early development testing, Subsequently, a 26-inch-diameter
model was constrqcted and tested prior to the final full-scale fan design for
manufacture.

Figures 3 and 4 are photographs of the single-width impeller model which was
the subject of the tests documented in this report. Figure 5 is a copy of
the lines drawing prepared by Bell from which Centro Corporation made the
manufacturing drawing shown in figure 6. Leading particulars of the design
are shown in table 1. Coordinates of the blade profile are shown on figure S.

Figures 7 and 8 show the model impeller mounted in the Plexiglas volute and
dismantled from the rig, the inlet, and the drive sides, respectively.

By agreement with the customer, no attempt was made to represent at model
scale the rivet heads and small nuts and bolts used in the full-scale blade
attachment. Otherwise, great care was taken to duplicate faithfully the
geometry of the aerodynamic flow path. Slight external modification of the
blade shroud was required to accommodate the bolts holding the fan together.
However, the heads of the bolts and the nuts are recessed to minimize friction
drag.

Since the impeller was required to be of single width, an adequate backplate
was required for structural reasons. Also, the fan was driven from the back,
so no bearing support was required in front of the inlet. However, the shaft
stub at the inlet was made to true scale and provided with a removable bullet
fairing so that the shaft could be extended forward if, in future testing, it
is desired to simulate the presence of a front bearing and/or gearbox arrange-
ment.

The model is constructed of aluminum alloy with high-strength plastic blades
and a steel shaft. Absolutely no problems of an)y kind were experienced with
the model fan impeller throughout the test program.

12
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TABLE I. MODEL FAN IMPELLER LEADING PARTICULARS

Type Centrifugal, Backward Sloped Airfoil

Configuration Single Width, Single Inlet (SWSI)

Diameter 12 Inches at Blade Trailing Edge (E

Diameter at Blade 7.89 Inch
Leading Edge (LE)

Number of Blades 12)

Blade Angle 61.5 Degrees, Flatside of Blade
to Tangent at TE

Blade Chord I.t,49 Inch

Blade Thickness 0.317 Inch Maximum

Blade t/c Ratio 12% Maximum

Blade Span at Tip ..61 Inch

Blade Span at L.E 3.36 Inch

Blade Width Ratio 0.2117S
at Tip

Shaft Diameter 1.6 Inch

19
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2. DESCRIPTION OF TEST SET-UP AND TEST ME7TIOD

Bell employs an experimental fan test set-up which is economical to fabricate,
easy to change, and leads to accurate and consistent results.

The fan volute is forined by cutting the required spiral as a groove in each of
two rectangular sheets of Plexiglas O.S-irch thick. A strip of altuminum si:ed
to the required volute width plus a small allowance for the depth of the grooves
is then wrapped around this spiral, fitting into the grooves to a depth of
0.1 inch. The assembly is held together with a number of threaded tie-rods.
Circular holes are cut in the Plexiglas to allow installation of two inlet
bellmouths for a double-width fan, or one bellmouth for a single-width fanl
and a shaft bearing mount. Annular shims are used to vary the bellmouth pene-
tration of the impeller systematically to determine the optimum axial position.

The Plexiglas volute assembly with the impeller installed is mounted on a
strong table. On the same table is a motor whose shaft height may be adJusted
by suitable shims to align exactly with the impeller shaft centerline. A
sketch of the arrangement is shown in figure 9. Photographs of the rig taken
during previous tests are shown in figures 10, 11, and 12.

The motor is mounted oil antifriction trunion bearings so that it is free to
pivot axially. Axial rotation, however, is limited to a few degrees by stops.
A torque arm carrying a scal.e pan is attached to the motor casing on one -ide,
and an adjustable counterweight is attached on the other. When there is no
load on the motor, the torque arm floats freely betuven the stops, and a pointe:
attached to it settles at a datum (:ero torque) point on a small scale. The
arrangement is shown diagrammatically in figure 13 and a photograph tr,, a
previous double-width fan test is shown in figure 14.

Figure 15 shows the method used to contrl the motor (fan' speed and f Agu e 1t,
shows the digital speed measurement arrangement diagrammatically. The fan speed
could be controlled to within 0. 1 rpm for speeds from 2500 to 4000 rp!..,F

When load is applied to the motor due to turning the fan, the torque reaction
on the motor casing tends to rotate it until the torque arm rests against the
stop. Weights are added to the scale pan until the pointer returns to the
datum mark on the scale. The weight added to the scale pan rultipl . b the
length of the torque arm from motor shaft centerline to scale pan attachent
point gives the apparent motor torque. To determine the net torque, the tare
is subtracted. This is the torque due to bearing friction as measured Iith a
bare shaft of similar weight running in place of the impeller. :o-We\'er. this
correction is very small. The fan airflow arrangetent is in accordance uith
one of the Air Moving and Conditioning (A42A) Standard Arrangements1 tse
figures 17, 1$. and 19).

SI MA Standard 210-7, :*: " . -

* >1
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"(SEE TABLE 2 )
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Figure 16 FAN SPEED MEASURING SYSTEM
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PL 1 PL 2 PL 7 PL 5 PL 6
•| I i 1 7 0r ~MINI- FM.5DN MIN5

ii 70 INCLUDED

"I I

VARIABLE

3 IN.±0.25 IN. . . . . 1.5 IN.!0.25 IN. EXHAUST
i L• SYSTEM

SP 7  SP5 PD

NOTES:

IN GENERAL TEST AREA, READ BPa. READ DBa AND WBa IN PATH OF INFLOWING AIR.

AMD a AIR MOVING DEVICE (THE CENTRIFUGAL FAN)

SPX - STATIC PRESSURE AND

PD - PRESSURE DIFFERENTIAL ACROSS NOZZLE

BP - CORRECTED BAROMETRIC PRESSURE

DBx - DRY-BULB TEMPERATURE OF AIR

WB a WET-BULB TEMPERATURE

D - DIAMETER

SM V"ýýb WHERE AND b ARE SIDES OF THE RECTANGULAR STILLING BOX

SUBSCRIPTS: a - AMBIENT; x - A SPECIFIC PLANE.

Figure 17 AMCA STANDAEXD FAN FLOWt NEASUREMNT SETUP
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The fan draws air directly from the laboratory, which is a very large building,
and discharges it through a short, rectangular duct into a large settling
chamber containing screens. The air leaves the settling chamber through a
standard venturimeter nozzle (figure 18), which discharges into a short,circular
duct. At the end of the duct is a cork plate. This is an aluminum plate
pierced by closely spaced holes. The flow resistance can be varied by changing
the number of corks in the plate according to a prearranged set of patterns
so that the uniformity of flow in the duct is changed as little as possible.
This precaution minimizes the risk of secondary effects on the flow measure-
ment device due to changes of flow pattern in the system. The pressure
measurement arrangements are shown diagrammatically in figure 19.

The settling chamber pressure, the pressure upstream of the venturimeter
nozzle, and the venturimeter differential pressure are all shown by inclined
water manometers arranged to give a magnification factor of 5.0. Note that
the inclination of the manometer is checked for each test with an inclino-
meter, and the angle is input along with the other data to the computer
program which calculates the performance of the fan.

Barometric pressure is measured before and after each test, and the wet and
dry bulb room temperature is recorded for each test point. Also, the air
temperature in the settling chamber and upstream from the no::le is measured
for each test point by high-grade mercury in glass thermometers. T\Tically,
these temperatures vary only slightly during the test; however, each individual
value is used for the calculation of its corresponding test point.

Usually, 11 test points are recorded for each fan speed. However, if an
unusual feature shows up on the fan characteristic, additional points are
run in that region of the pressure-flow curve to define the shape of the
curve more exactly.

It is customary to run three or four well-spaced fan speeds for each t.st.
This illustrates Reynolds number of dependence and serves as a check in case
a bad reading results in an •nomalous point.

The test equipment used and the accuracies for each measurement are shoun

in table 2.

VE LOC I TY AND PRESSUR. SURVEYS

Velocity and pressure surveys were perforned for three volute configurations:
the final Bell compact volute (Configuration 31, the log spiral volute
(Configuration 4), and the JFFF(A) volute (Configuration 5).

Volute discharge section surveys were carried out for all three of these
cases, and the diffuser exit plane for the JIMF(A) was also surveyed. The
method used was to divide the vertical and hori:ontal dimensions into an

35
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appropriate number of lengths to provide 3S to 45 intersection points. Small
holes were drilled in the vertical side of the duct at the volute exit plane
or the diffuser exit plane, as appropriate, and a pitot-static probe with a
scale marked on the stem was fed through each hole in turn, while the other
holes were temporari!y sealed. The probe was aligned to the flow direction,
and maintained perpendicular to the plane containing the impeller disk.
Readings of static pressure and differential pressure were recorded for each
station across the section. The probe was then moved to the next hole located
vertically below, and the procedure was repeated. In this way, the entire
section was mapped, which enabled contours of equal velocity and/or pressure
"to be constructed for two or three fan operating points.

In addition to these volute and diffuser exit plane surveys, surveys were
made of the inlet bellmouth, both axial and radial (at the throat). Surveys
of the flow velocity (speed and direction) at the blade leading edge and
trailing edge radii were conducted for the three principal configurations
for two or more fan operating points. For these surveys, a wedge-tyTe probe
was used identical to that snown in figures 20 and 21. This is the same
probe used by Aeroiet Liquid Rocket Co. (AL.RC) for the JEFF(A) fan blade
exit surveys. In each case, the probp was inserted through a small hole

v drilled in the side of the volute. The probe carried a circular scale so'
that the flow angle c 'uld be observed when the wedge was aligned to the flow'.
This condition occurs when the pressure readings from the two sides of the

wedge are equal. A scale or the stem of the probe enabled the distance along
the blade edge, at which the measurements were being taken, to be determined.

The r•noreter connections for the probe are shown in figure 22 and figure 23,
a photograph taken from a previous test, shows the probe in use to reasure
ir-peller blade discharge velocity and flow angle. Fi•:.ure 24 shows diagrarn-
matically how the probe was used to determine flow angle. Figure 2s shows
the location of the pressure measurement points iii the inlet bellmouth.
figure .6 shows the location of the prelirinary inlet bellrcath swirl reasure-
ment point, and figure -" shows zhe locations of the measurements used for
the impeller blade inlet and discharge surveys.

Several other tyTes of surveys were made using hand-held pitot-static or
static pressure probes. These included exploration of the volute internal
pressure distribution, particularly in the region of the bellrouth'impeller
interface, and exploration of pressure distribut ion external to and inside
the bellnouth. These tests were qualitative only to the extent that exact
probe tip coordinates were not available.

Ca*•I-NTS ON THE ClUICIE OF FA\ SPEEDS USED

To nini-i:e the correctiens required for conpressibility and Reynolds number
differences, it was desired to run the mdel fan inpeller at as high a
proportion of the full-scale tip speed as possible.

0 - ---
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TO MEASURE ANGLE
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0

Figure 24 MF1THOD OF Mr-ASURING ANGLE OF AIR DISCHARGfE
FROM IMPELLER (SKET-H)
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Based on the original Bell proposal performance predictions, a full-scale
49.5-inch-diameter impeller for the JEFF(A) would need to b, capable of operating
at speeds up to about 2280 rpm to meet the maximum pressure and flow requirements
at 1000 F. The corresponding tip speed is 492 ft/s. Accordingly, a 12-inch-
diameter model fan impeller would need to run at 9405 rpm to give the same tip
speed. Unfortunately, this is not possible since centrifugal stress increases
inversely with the diameter for a given tip speed. Thus, the model would have
a centrifugal stress of more than four times that of the full-scale fans,

It was decided to try to obtain half the full-scale ti' speed since this was a
goal which could possibly be attained.

Two additional factors were present which influenced the choice of speed. First,
it was desired to keep the cost of the model impeller as low as possible, and
second, it was desired to use an existing test rig (to save cost) which had
previously been used for 12-inch-diametermodel fan impellers running at about
3000 rpm.

The model impeller was designed to be used at speeds up to about 4700 rpm (half
of full-scale tip speed). In the event, it was the test rig itself which limited
the maximum speed used.

It was found that the nondimensional characteristics ceased to improve with fan
speed (proportional to Re)ynolds number), as expected. This was found to be due
to small deflections of the volute walls which causeJ the clearance gap between
the impeller and the bellmouth to increa.;e. The additional clearance caused a
reduction of performance, as discussed later. This problem was cured by tying
the volute walls with a wire tension member. Before tightening the tension
member, it was demonstrated that ;ao detectable performance degradation resulted
from its presence. Upon tightening the tension member, the bellmouth/impeller
clearance remained constant under pressure, and many tests were run satisfactorily
at 4000 rpm. Unfortunately, at speeds of 4000 rpm and above, the test rig plenum,
previously used successfully with pressures corresponding to 3000 rpm, developed
several small leaks which proved iml.)ssible to eliminate entirely. This explains
why the nondimensional characteristics did aot continue to improve with speed
above 3500 rpm. It was decided, therefore, to limit the fan speed to 4000 rpm,
which is 85 percent of the goal of 4700 rpm. Since there was no signficant
difference in performance between 3000 rpm and 40C0 rpm, most of the pressure
and velocity surveys were performed at 3000 rpm to facilitate testing and
conserve the life of the rig.

4S
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3. GENERAL DESCRIPTION OF FAN CONFIGURATIONS TESTED

In all, five fan configurations were tested. These are summarized in table 3
and are briefly described below.

Initially, the model impeller was installed in a volute shape which had proved
satisfactory for an experimental double-width 12-inch-diameter fan. Naturally,
the volute width and one sideplate had to be changed to suit a single-width
impeller. Based on previous experience, a volute width between 8,375 and 9,0
inches was expected to give the desired result, and it was decided to try
8.375 inches first. Preliminary performance test results for Configuration 1

indicated a need for the wider volute and a more generous cutoff radius.
Accordingly, the volute was modified to Configuration 2, which had a volute
9 inches wide, an increased cutoff clearance of 1.25 inches, and a radius
of 5/1 inch. Configuration 2 showed considerable improvement, but the flow
at the design point was still somewhat below the predicted value. The cutoff
was again modified, retaining the same radius and volute width, but increasing
the impeller clearance to 1.75 inches. This time the predicted performance
was obtained almost exactly over most of the characteristic, particularly
around the design point. The modified volute was designated Configuration 3,
and became the chosen Bell compact volute design for which numerous perfor-
ii.ance tests and pressure and velocity surveys were performed.

14pon conmletion of testing Configuration 3, the test rig was dismantled and
reassembled with a log spiral volute shape. Good results had previously
been obtained with this impeller geometry and with log spiral volute segments
in a double-width double-discharge arrangement which eventually became the
JEFF(B) fan configuration. In the case of the single-discharge volute, the
results proved disappointing. Because the spiral angle of 10.9 degrees,
which should give excellent performance once the other geometric parameters
have been optimized, resulted in a volute discharge height too great for

practical application, it was decided not to pursue this configuration. After
performance data at speeds up to 4000 rpm had been obtained and exit surveys
had been made, tie rig was once more dismantled to install the JI-FF(A) con-
figuration which had been previously fabricated in preparation, complete with
transition duct or diffuser. Tests with the JEFF(A) configuration, which is
fully described in section 5, proceeded directly, since all minor difficulties
with the test procedure and data handling had been eliminated during testing
of the four Bell configurations described in greater detail in section 4.

All the configurations tested used the same inlet bellmouth geometry, shownl in
figure 28. This bellmouth disign has been shown to be satisfactory in many
previous tests. The correct impeller penetration was maintained for the
various configurations by the use of appropriate thicknesses of annular
shims beneath the bellmouth attachment flange.
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TABLE 3. S•MARY OF CONFIGURATIONS AND CONDITIONS TESTED

PERFOR1tNCE TEST SURVEYS AND
CONFIGURATION TYPE SPEEDS (RPM) SPECIAL TESTS

I Bell Compact (1) 2500, 3000, Bellmouth position tests
3500

2 Bell Compact (2) 2500, 3000, None
3500, 4000

3* Bell Compact (3) 2500, 3000, Volute exit, inlet, blade

3500, 4000 surveys, etc

4 Bell Log Spiral 2500, 3000, Volute exit and blade
3500, 4000 surveys

'S ALRC JEFF(A) 2S00, 3000, Volute exit, diffuser
3S00, 4000 exit, inlet, blade surveys

*Selected for full-scale performance predictions

47 
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4. BELL VOLLYTE CONFIGURATIONS, DESCRIPTION AND TEST RESULTS

CONFIGURATIONS I AND 2

Configuration 1, which employed an existing volute shape successfully used in
previous experimental fan work, is shor:n in figures 29 and 30. The polar
coordinates for the complete spiral are given in table 4. The cutoff lip,
which was of airfoil form for the purpose of reducing noise, was situated
at the 22-degree position shown in figure 29. Theoretically, this resulted
in a radial impeller clearance of 0 550 inch. In practice, due to the finite £

width of the slot and the fact that the shaped end of the scroll was necessar-
ily not totally constrained by the slot geometry, the measured clearance was
alittlelarger-as nearly as could be determined, 5/8 inch. Three positions
of the inlet bellmouth were tested. These positions are shown in figures 31,
32, and 33.

The volute width was computed for a single-width fan, based on the backplate
clearance required and the range of volute volume ratio believed necessary
to obtain the predicted performance. The minimum width necessary was thought
to be 8.375 inches, and the maximum width required was not expected to exceed
9.0 inches. After assembly of the volute in Configuration 1, measurements
indicated a width of 8.41 inches, and this value was used in subsequent data
analysis. However, the results (figures 34 through 38, and tables S through 7)
showed a need for a more generous volute width and cutoff radius. The volutewidth was increased to 9.0 inches (measured after assembly), and the cutoff

radius was increased to S/16 inch. At the same time, the angle at which the
cutoff was located was increased from 22 to 44 degrees, although the 2:1 ratio
was purely fortuitous, arising from the effort to increase the radial clear-
ance between the impeller and the cutoff to about 1.25 inch. These details
are shown in figures 39 and 40. The results of performance tests with Config-
uration 2 are presented in figures 41 through 45 and tables 8 through 11.Comparing the performance of Configurations 1 and 2, it can be seen that there
is a considerable improvement, but that the design point goal has not yet been
reached. Accordingly, the cutoff angle was increased to 70 degrees in order
to give a radial clearance of about 1.75 inches at the cutoff (see figures 4o(
and 47). Figure 48 shows the inlet bellmouth location. This time the design
point predicted performance was attained, and no further modifications Were
made. The performance is shown in figures 49 through 52 and tables 12 through 14.

In Configurations 1 and 2, the original diffuser length was maintained, followed
by a short length of straight rectangular duct to the box (plenum) entrance.In Configuration 3, as a matter of convenience, the diffuser was run all the

way to the box entrance (figure 47) due to the increased height of the duct at
the volute discharge. Based on previous experience, it was thought that there
would be very little, if any, difference due to the absence of the small change
in angle of the diffuser floor. In all cases, the fan performance was referred

49
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TABLE 4. BELL COMPACT VOLUTE B SIC SPIRAL DEFINITION
(CONFIGURATIONS 1, 2, AND 3)

ANGLE RADIUS
(DEGREES) (INCHES)

0 6.00
1s 6.38
30 6.75
45 7.13
60 7.50

75 7.88
90 8.25

105 8.63
120 9.00
135 9.38

iSO 9.75
165 10.13
180 10.50
195 10.88
210 11.25

225 11.63
240 12.10
255 12.38
270 12.75
28S 13.13

300 13.50
325• 13.88
330 14.26
345 14.63
360 15.00

!V,1
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TABLE 5. FAN SPEED 2500 RPM, CONFIGURATION 1*

CENTRIFUGAL FAN TEST DATA REDUCTION PROGRAM

(AMCA STANDARID 210-67v FIGURE 4.3)

VOLUTr TYFP - ARITN.SPIRAL
VOLUTE EXIT AREA w 125.06 SO. IN.

IMPELLER OUTSIDE DIAMETER (INCFES) 12.000
IMPELLER WIDTH FACTOR (SINGLE WIDTH FAN) 0.216
IMPELLER INSIDE DIAMETER (INCHES) 7.982
IMPELLER EXIT BLADE ANGLE (DEGREES) 61.500
NOZZLE DIAMETER (INCHES) 6.994
INCLINATION OF HANOMETER BANKS (DEGREES) 11.533
INCLINATION OF DIFF. MAN. (DEGREES) 11.533
TOROUE ARM LENGTH (INCHES) 10.000
DUCT AREA TO CHAMKER (SOFT) 0.86P
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.500

BAROMETER HEIGHT (TNCHES OF MERCURY) 29.850
AMicIENT AIR TEMPERATURE (DEGREES F) 61.500
WET PULP TEMPERATURE (DEGREES F) 57.000
WATER DENSITY (LS/CUFT) 62.358
AMPIENT AIR DENSITY (LPS/CUFT) 0.07,53

FAN SPEED 2500 RPM

PHI FH1 PSI PSI ETA ETA FLOW PRESS PRESS POWER t.p
TOTAL STATIC TOTAL STATIC TOTAL STATIC

CFM IN WG IN JG HP

0.0 0.0 0.4171 0.4171 0.0 0.0 0.0 3.229 3,229 0.26Z 0.0A(.
0.0780 0.0674 0.4474 0.4455 0.3737 0.3721 415.9 3.463 3.449 0.607 0.0T.
0.1316 0.1137 0.4411 0.4357 OA978 0.4917 701.4 3.413 3.373 0.751 0.117
0.1690 0.1460 0.4195 0.4106 0.5402 0.5287 900.7 3.248 3.179 O.Fnl 0.131
0.2096 0.1802 0.4108 0.3972 0.5922 0,5726 1111,7 3,190 3,075 0.940 0.145
0.2389 0.2064 0.3033 0.3654 0.6146 0.5059 1273.0 2.967 2.829 0.969 0.149
'0).625 0•2260 0,3431 0.3215 0.5949 0,5575 1399,1 2.656 2.489 0.994 0.151
.. :792 0.2413 0.3137 0.*892 0.5739 0.5292 14BB.2 2.428 2.239 0,99: 0.153
0.2945 0.2Z44 0.2836 0.2564 0.5429 0,4908 1569.4 2.196 1,985 1.000 0.154
•0.311Z 0.2689 0.-502 0.2198 0.5060 0.4445 1658,4 1.937 1.702 1.000 0.154
0.3576 0,3090 0.1369 0.0937 0.3267 0,2321 1906.1 1.075 V./64 0.980 0,152

*See figure 35.
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TABLE 6. FAN SPEED 3000 RPM, CONFIGURATION 1*

CENTRIFUGAL FAN T'03T DATA REDUCTION PROGRAM

(AMCA STANDARr, 210-67t FIGURE 4.3)

VOLUTE TYPE - ARITH.SPIRAL
VOLUTE EXIT AREA a 125.06 SO. IN.

IMPELLER OUTSIDE DIAMETER (INCHES) 12.000
IMPELLER WIDTH FACTOR (SINGLE WIDTH FAN) 0.216
IMPELLER INSIDE DIAMETER (INCHES) 7.982
IMPELLER EXIT BLADE ANGLE (DEGREES) 61.500
NOZZLE DIAMETER (INCHES) 6.994
INCLINATION OF MANOMETER BANKS (DEGREES) 11.533
INCLINATION OF DIFF. MAN. (DEGREES) 11.533
TORQUE ARM LENGTH (INCHES) 10.000
DUCT AREA TO CHAMBER (SOFT) 0.868
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.500

BAROMETER HEIGHT (INCHES OF MERCURY) 29.850
AMBIENT AIR TEMPERATURE (DEGREES F) 62.000
WET PULP TEMPERATURE (DEGREES F) 57.500
WATER DENSITY (L?S/CUFT) 62.355
AMBIENT AIR DENSITY (LBS/CUFT) 0.07545

FAN SPEED a 3000 RPM

PHI PHI PSI PSI ETA ETA FLOW PRESS PRESS POWER Kr
TOTAL STATIC TOTAL STATIC TOTAL STATIC

CI'M IN WO IN UG HP

0.0 0.0 0.4151 0.4151 0.0 0.0 0.0 4.622 4.622 0.466 0.04ý
0.010 0,0700 0.4481 0.4461 0.3922 0.3904 517.8 4o991 4.968 1.038 0.093
0.1323 0.1143 0.4399 0.4344 0.5097 0.5034 046.1 4.899 4.938 1.290 0,114
0,1704 0.1472 0.4215 0.4125 0.5603 0.5493 1089.6 4.695 4.594 1.438 0.1220
0.2070 0,1789 0.4116 0.3984 0.6048 0.5952 1323.9 4.584 4.436 1.580 0.141

041361 0.2040 0,3799 0.3626 0.6127 0.548 1510.2 4,231 4.039 1.642 0.146

)-,50022003300.100.50927 0."450 1694.9 3.762 1,.519 1.7:3 0.154
'.2420 0.2436 0.3093 0.294t 0.5676 0.522 1903.4 3,444 3,169 1.72 0.1S4

0.21S4 0.2t53 0,2824 0.2553 0.5416 0.4995 1989.5 3.145 2,843 1.728 0.154
0.3120 042696 0.2503 0.2199 0.5041 0.4430 1995.6 2.797 2.449 1.737 0.155
0.3599 0.3110 0.1400 0.0996 0.3281 0.2334 2301.7 1.560 1.110 1.723 0.154

'See figure 36.
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Bell Aerospace
Division of Textron Inc

TABLE 7. FAN SPEED 3500 RPM, CONFIGURATION 1*

CENTRIFUGAL FAN TEST DATA REDUCTION PROGRAM

(AMCA STANDARD 210-67# FIGURE 4.3)

VOLUTE TYPE - ARITH.SFIRAL

VOLUTE EXIT AREA a 125.06 SO. IN.

IMPELLER OUTSIDE DIAMETER (INCHES) 12.000
IMPELLER WIDTH FACTOR (SINGLE WIDTH FAN) 0.216
IMPELLER INSIDE DIAMETER (INCHES) 7.9e2
IMPELLER EXIT BLADE ANGLE (DEGREES) 61.500
NOZZLE DIAMETER (INCHES) 6.994
INCLINATION OF MANOMETER BANKS (DEGREES) 11.533
INCLINATION OF DIFF. MAN. (DEGREES) 11.533
TORGUE ARM LENGTH (INCHES) 10.000
DUCT AREA TO CHAMBER (SOFT) 0.068
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.500

BAROMETER HEIGHT (INCHES OF MERCURY) 29,610
AMBIENT AIR TEMPERATURE (DEGREES F) 56.500
WET BULB TEMPERATURE (DEGREES F) 52.000
WATER DENSITY (LbS/CUFT) 62.384
AMBIENT AIR DENSITY (LDS/CUFT) 0.07572

FAN SPEED - 3500 RPM

PHI FHI PSI PSI ETA ETA FLOW PRESS PRESS POWER KP
TOTAL STATIC TOTAL STATIC TOTAL STATIC

CFM IN WG IN WG HF'

0.0 0.0 0.4161 0.4161 0.0 0.0 0.0 6.328 6.328 0.777 0.044
0.0845 0.0730 0.4479 0.4457 0.3957 0.3937 630.8 6.811 6.778 1.710 0.09k
0.1305 0.1127 0.4429 0.4376 0.5000 0.4940 973.6 6.734 6.654 2.066 0.116
0.1659 0.1433 0.4267 0.4181 0.5450 0,5340 1237.7 6.48B 6.358 2.321 0.130
0.2020 0.1745 0.4176 0.4049 0.5967 0.5786 1507.0 6.351 6.158 2.527 0.141
0.n349 0.2029 0.3895 0.3723 0.6200 0.5926 1752.6 5.924 5,662 :.630 0.146
0.2506 0.2234 0.3529 0.3320 0.6106 0.5744 1929.4 5.,66 5.046 2.671 0.14V
0."761 0.2385 0.3221 0.2982 0.5901 0.5463 205?.9 4.897 4.534 2.693 0.151
0.2933 0.2534 0.2939 0.2669 0.5684 0.5163 2189.2 4.469 4.059 2.710 0.152
0.3119 0,2695 0.2529 0.2223 0.5223 0,4592 2327,1 3.845 3.301 2.699 0.II
0.3601 0.3111 0.1389 0.0979 0.3347 0.2360 2606.9 2.112 1.489 2.67a C.149

t *See figure 37.
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Bell Aerospace iI 161
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TABLE 8. FAN SPEED 2500 RPM, CONFIGURATION 2*

CENTRIFUGAL FAN TEST DATA REDUCTION PROGRAM

(AMCA STANDARD 210-67# FIGURE 4.3)

VOLUTE TYPE - AITH.SPIRAL

VOLUTE EXIT AREA a 133.83 SO. IN.

IMPELLER OUTSIDE DIAMETER (INCHES) 12.000
IMPELLER WIDTH FACTOR •SINGLE WIDTH FAN) 0.216
IMPELLER INSIDE DIAMETER CINCHES) 7.982
IMPELLER EXIT BLADE ANGLE (DEGREES) 61.500
NOZZLE DIAMETER (INCHES) 6.994
INCLINATION OF MANOMETER PANKS (DEGREES) 11.533
INCLINATION OF DIFF. MAN. (DEGREES) 11.533
TOROUE ARM LENGTH (INCHES) 10.000
DUCT AREA TO CHAMPER (SOFT) 0.929
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.50V

1AROMETER HEIGHT (INCHES CF MERCURY) 29.450
AMbIENT AIR TEMPERATURE (DECREES F) 52.000
WET PULP TEHPERATURE (DEGREES F) 55.500
WATER DENSITY (LBS/CUFT) 62.377
AMPIENT AIR DENSITY (LPS/CUFT) 0.07502

FAN SPEED w 2500 RPM

PHI FHI PSI PSI ETA ETA FLOW PRESS PRESS POWER hP
TOTAL STATIC TOTAL STATIC TOTAL STATIC

CFM IN WG IN WG HP

0.0 0,0 0.4141 0.4141 0.0 0.0 0.0 3,183 3.183 0.0'1 V.011 I
0.0854 0.0738 0 4600 0.4580 0.4350 0.4331 455.3 3.536 3.5ZI 0.Z;3 C. 4'ý
0.1389 0.1200 0.4537 0.4484 0.5603 0.553S 740.4 3.487 3.447 0.7:6 0. 1:'
0. 1 7 6 3 0.1523 0.4345 0.4260 0.5992 0.5874 939.6 3.340 3.Z75 0. 82 .I:1
0.?130 0.1840 0.4145 0.4021 0.6470 0.6277 1135.3 3.186 3.091 0.8rI 0.13 i
o.7452 0.211e 0.3873 0,3709 0.6573 0.6294 1306.6 2.977 2.851 0.93: 0,2•1
0.,,7ý8 0.2357 0.3602 0,3399 0.6579 0.6208 1453.7 2.769 2.613 0.964 0.14'
0.:'929 0.2531 0.3338 0.3103 0,6493 0.6035 1561.2 2.566 2,3f5 0,972 0.151
0,3109 0.2686 0.3070 0.2806 0.6237 0.5700 1656.9 2,360 2.157 O.V8r0 0. 15
0.3298 0.28.Q 0.2768 0.2471 0.5966 0.5325 1757.9 2.128 1,99 0.9pp 0.1-
0.38VO 0.3361 0.1580 0,1165 0,4032 0.2973 2073*2 1.214 0.896 0,904 0.15:

*See figure 42.
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TABLE 9. FAN SPEED 3000 RPM, CONFIGURATION 2*

CENTRIFUGAL FAN TEST DATA REDUCTION PROGRAM

(AMCA STANDARD 210-67, FIGURE 4.3)

VOLUTE TYPE - ARITH.SPIRAL
VOLUTE EXIT AREA = 133.83 SO. IN.

IMPELLER OUTSIDE DIAMETER (INCHES) 12.000
IMPELLER WIDTH FACTOR (SINGLE WIDTH FAN) 0.216
IMPELLER INSIDE DIAMETER (INCHES) 7.982
IMPELLER EXIT PLADE ANGLE (DEGREES) 61.500
NOZZLE DIAMETER (INCHES) 6.994
INCLINATION OF MANOMETER BANXS (DEGREES) 11.533
INCLINATION OF DIFF. MAN. (DEGREES) 11.533
TOROUE ARM LENGTH (INCHES) 10.000
DUCT AREA TO CHAMBER (SOFT) 0,929
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.500

FAROMETER HEIGHT (INCHES OF MERCURY) 29.450
AMSIENT AIR TEMPERATURE (DEGREES F) 58.000
WET PULP TEMPERATURE (DEGREES F) 55.500
WATER DENSITY (LI'S/CUFT) 62.377

[ AhkIENT AIR DENSITY (LBS/CUFT) 0.07502

FAN SPEED = 3000 RPM

PHI FHI PSI PSI ETA ETA FLOW PRESS PRESS POWER KP
TOTAL STATIC TOTAL STA71C TOTAL SIATIC

CFM IN UG IN WO HP

0.0 0.0 0,4136 0.4136 0.0 0.0 0.0 4.b78 4.578 0.390 0.03S
0.0817 040706 044609 0.4591 0.4327 0.4310 522.0 5,102 5.082 0.971 0.087
0.13S4 0,1170 0,4SO? 0t4537 0.4.729 0.5667 866.1 5.077 5.022 1.209 0.100
0.1740 0.1510 0.4346 0.4267 0,6114 0,5997 1117*7 4.811 4.718 1.30r5 0.124

0,2104 0.1018 0.4130 0.4010 0.6463 0.6274 1345.5 4.572 4.436 1.49 0.134
1,414 0.2J90 0,3884 0.3724 0.6570 0.6301 1547.2 4.299 4.123 1.595 0.143
0.2720 0.2350 0.3574 0.3372 0.6582 0.6211 1739.7 3.956 3.733 1.647 0.14S
0.Z941 0.2541 0.3333 0.3098 0.6599 0.6132 1880.6 3.690 3.429 1.656 0.14V
0.3104 0.2602 0.3001 0.2816 0.6311 0.5771 1985.1 3.411 3.119 1.690 0.15:
0.32DO 0.2840 0.2761 0.2471 0.5903 0.5271 2102.6 3.063 2.735 1.719 0.154
0.3906 0.3374 0.1606 0.1180 0.4060 0.3004 2497.9 1.778 1.316 1.723 0.155

"See figure 43.
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TABLE 10. FAN SPEED 3500 RPM, CONFIGURATION 2*

CENTRIFUGAL FAN TE~ST DATA REDUCTION PROGRAM

(AMCA STANDARD 210-67t FIGURE 4.3)

VOLUTE TYPE - ARITH.SPIRAL
VOLUTE EXIT AREA m 133.63 SQ. IN.

IMPELLER OUTSIDE DIAMETER (INCHES) 12.000
IMPELLER WIDTH FACTOR (SINGLE WIDTH FAN) 0.216
IMPELLER INSIDE DIAMETER (INCHES) 7.982
IMPELLER EXIT BLADE ANGLE (DEGREES) 610500
NOZZLE DIAMETER (INCHES) 6.994
INCLINATION OF MANOMETER BANKS (DEGRELS) 11.533
INCLINATION OF 111FF. MAN. (DEGREES) 11.533
TORQUE ARM LENGTH (INCHES) 10.000
DUCT AREA TO CHAMBlER (SOFT) 0.929
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.500

BlAROMETER HEIGHT (INCHES OF MERCURY) 29.450
AMBIENT AIR TEMPERATURE (DEGREES F) 58.500
WET BIULBi TEMPERATURE (DEGREES F) 55.500
WATER DENSITY (LBS/CUFT) 62.374
AMBIENT AIR DENSITY (LBS/CUFT) 0.07495

FAN SPEED 3500 RPM

PHI FHI PSI PSI ETA ETA FLOW PRESS PRESS POWER KP'
TOTAL STATIC TOTAL STATIC TOTAL STATIC

CFM IN WO IN WG HIP

0.0 0.0 0.4124 0.4124 0.0 0.0 0.0 6.2,08 6.209 0.650 0.037
0.0832 0.0719 0.4630 0,4611 0.5311 0.5290 6210.6 6.970 6.941 1.263 0.073
0.1363 0.1178 0.4589 0.4538 0.5663 0.5600 1017.4 6,908 6.632 1.955 0.110
0.1751 0.1503 0.4356 0.4272 0.6074 0.5958 1308.3 6.557 6.432 2.221 0.126
0.2082 0.1799 0.4112 0.3994 0.6356 0.6175 1553.5 6.190 6.012 2.382 0.13!,
,.:j93 0.2068 0.3648 0.3692 0.6463 0.6201 1765.9 5.793 5.559 2.521 0.143
O.26.-2 0.2317 0.3546 0.3349 0.6501 0.6141 2001.1 5.338 5.042 2.586 0.146
0.2901 0.2507 0.3255 0.3025 0.6334 0.5967 2164.6 4.900 4.554 2.638 0.149
0.3077 0.26S9 0.3017 0.2758 0.6124 0.5599 2296.0 4.542 4.153 2.682 0-15Z
0.3265 0.2821 0.2725 0.2433 0-5e20 0.5197 2438.2 4.102 3.663 2.704 0.1!;3
0.3879 0.3352 0.1565 0.11S3 0.3956 0.2913 2894.4 2.356 1.735 2.716 0.133

*See figure 44.
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TABLE 11. FAN SPEED 4000 RPM, CONFIGURATION 2*

CENTRIFUGAL FAN TEST DATA REDUCTION PROGRAM

(AMCA STANDARD 210-67t FIGURE 4.3)

VOLUTE TYPE - ARITH.SPIRAL

VOLUTE EXIT AREA = 133.83 SO. IN.

IMPELLER OUTSIDE DIAMETER (INCHES) 12.000
IMPELLER WIDTH FACTOR (SINGLE WIDTH FAN) 0.216
IMPELLER INSIDE DIAMETER (INCHES) 7.982
IMPELLER EXIT BLADE ANGLE (DEGREES) 61.500
NOZZLE DIAMETER (INCHES) 6.994
INCLINATION OF MANOMETER BANKS (DEGREES) 11.533
INCLINATION OF DIFF. MAN. (DEGREES) 11.533
TOROUE ARM LENGTH (INCHES) 10.000
DUCT AREA TO CHAMBER (SOFT) 0.92?
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.500

BAROMETER HEIGHT (INCHES OF MERCURY) 29.450
AMPIENT AIR TEMPERATURE (DEGREES F) 59.000
WET BULB TEMPERATURE (DEGREES F) 56.000
WATER DENSITY (LBS/CUFT) 62.372
AMIBIENT AIR DENSITY (LBS/CUFT) 0.07487

FAN SPEED * 4000 RPM

PHI FHI PSI PST ETA ETA FLOW PRESS PRESS POWER KP
TOTAL STATIC TOTAL STATIC TOTAL STATIC

CFM IN WG IN UG NP

0.0172 0.0149 0.4166 0.4165 0.1919 0.1819 146.9 8.183 0.101 1.041 0.039
0.0032 0.0719 0.4622 0.4603 0,4342 0.4324 709,3 9.078 9.041 2.336 0.-06
0.1390 0.1201 0.4670 0.4618 0.5742 0.5678 1185.4 9.173 9.071 2.903 0.113
0.1750 0.1512 0.4147 0.4365 0.6127 0.6023 1492.2 8.735 8.573 3.351 0.12?
0.208/ 0.1804 0.41q5 0.4077 0,6442 0.6260 1780.0 8.239 8.007 3.5S6 0.136
0.ý398 0.2072 0.3954 0.3799 0.6463 0.6227 2044.0 7.767 7.461 3.0!9 0.146
0.2663 0.2301 0.3531 0.3339 0.6387 0.6038 2270.7 6.936 6.558 3.664 0.147
0.2683 0.2489 0.3269 0.3043 0.6254 0.5822 2456.5 6.421 5.970 3.973 0.:51
0.3073 0.2655 0.3001 0.2744 0.6037 0.5521 2620.7 5.894 5.390 4.030 0.153
0.3262 0.2619 0.2712 0.2423 0.5711 0,5101 2781.8 5.327 4.75U 4.087 0.15'

*See figure 45.
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TABLE 12. FAN SPEED 2500 RPM, CONFIGURATION 3*

CENTRIFUGAL FAN TETI-V ATA REDUCTION PROGRAM
#8s,8ss~',**s***sss,4"4ss*,**su~ss8.*suss*

CAMCA STANDARD 210-67s FIGURE 4.3)

VOLUTE TYPE - ARITH.SPIRAL
VOLUTE EXIT AREA * 144.00 SO. IN.

WMPELLER OUTSIDE DIAMCTER (INCHES) 12.000
IMPELLER WIDTH FACTOR (SINGLE WIDTH FAN) 0.216
IMPCLLER INSIDE DIAMETER (INCHES) 70982
IMFELLER EXIT PLAI'E ANGLE (DEGREES) 61.500
NOZZLE DIAMETER (INCHES) 6.994
INCLINATION OF MANOMETER bANKS (DEGREES) 11.533
INCLINATION OF DZIFF. MAN. (DEGREES) 11.533
TORGUE ARM LENGTH (INCHES) 10.000
DUCT AREA TO CHAMbHR (SOFT) 1.000
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.5•0

PAROmETEQ NEI2HT (INCHES OF MERCURY) 39.290
AMZIENT AIR TEMPERATURE (DEGREES F) 55.500
WET PULP TEMPERATURE (DEGREES F) 52.000
WATER DENSITY (LS/CUFT) 62.3e9
AMBIENT AIR DENSITY (LBS/CUrT) 0.07504

FAN SPEED • 2500 RPM

PHI FNI PSI Psi ETA ETA FLOW PRESS PKESS POWER kI
TOTAL STATIC TOTAL STATIC TOTAL STATIC

CFh IN IG IND G H,

0.0 0.0 0.4109 0.4109 0.0 0.0 0.0 3.159 3.159 0.216 0.033
0.0059 0.0742 0.4459 0.4442 0.4531 0.4314 456.0 3.428 3.4115 c k7 0,0Q
0.1364 0.1196 0.4331 0.4296 0-0330 0.5274 737.5 3.330 3.295 0.126 0.-1Z
0.,750 C.IZ12 0.4174 0.4104 0.5745 0.5645 9M-6 3.210 3.-5M t-621 OC12?
C.-10.1 0.1616 0.4031 0.392i 0.607o 0.5918 1120.4 3.099 3.019 0.900 0.139
0.2440 0.211% 0.?176 0.373S 0.4379 0.614? 1304.5 1.9f7 2.6*1 0.96ý 0.14V
0.2756 0.2381 0.3629 0.3#4P 0.6560 0 4237 1469.* 2.?Sv 2.651 0.V4 0.1*2
0.20S9 0.25$6 0.336V 0.3162 1.6431 0.6042 1576.9 2.590 2.433 1.000 0.15
"0"63 0.2731 0.3-23 0.2948 0.4218 0,5769 1694.5 2.3?0 2.S9 1. 004 e.]
ai 0.2E*3 0.2792 0.2152 0.M930 0.5359 1764.5 2.47 1.943 1.03V 0.•1.
J.J3O0 0.336V 0.1562 0.202 0.3949 0.3030 2078.4 1.301 0.*24 0.9c.V 0.154

*See f1gure SO.
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TABLE 13. FAN ',PEED 3000 RPM, CONFIGURATION 3'

CENTRIFUGAL FAN TEST DATA REDUCTION PROGRAM

(ANCA STANDARD 210-67# FIGURE 4.3)

VOLUTE TYPE - ARITH.SPIRAL
VOLUTE EXIT AREA a 144.00 SO. IN.

IMPELLER OUTSIDE DIAMETER (INCHES) 12.000
IMPELLER WIDTH FACTOR (SINGLE WIDTH FAN) 0.217
IMPELLER INSIIE DIAMETER (INCHES) 7.982

L . IMPELLER EXIT PLADE ANGLE (DEGREES) 6115c0
NOZZLE DIAMETER iINCHES) 6.9V4

:NCLINATION OF MANOMETER bANKS (DEGREES) 11.533
INCLINATION OF DIFF. MAN. (ItESREES) 11.533
TOROUE ARM LENGTH (INCHES) 10.000
DUCT AREA TO CHAMBER (SorT) 1.000
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.500

BAROMETER HEIGHT (INCHES OF MERCURY) 29.390
AMBIENT AIR TEMPERATURE (DEGREES F) 56.500
WET iULN TEMPERATURE (DEGREES F. 55.000
WATER DENSITY (LPS/CUFT) 62.374
AMBIENT AIR DENSITY (L9S/CUFT) 0.07451

FAN SPEED * 3000 RPM
11 ETA r11T1=11!11

PHI FNI PSI PS! ETA ETA FLOW PRESS PRESS POW£t CR
TOTAL STATIC TOTAL STATIC TOTAL STATIC

CFM IN WO IN WG HP

0.0 0.0 0.4111 0.4111 0.0 0.0 0.0 4.530 4.538 0.362 0.03'
0.0856 0.0745 0.4476 0.4459 0.4377 0.4360 551.5 4.942 4.922 0.981 0.OEC
0.13U2 0.1202 0,4372 0.4327 0.5509 0.5452 990.0 4.027 4,776 1.22: 0.110
0,1731 0.1506 0.4186 044115 0.5679 0.5779 1114.9 4.621 4,542 1.300 0.1?3
0.2112 0.1837 0.4113 0.4006 046345 0,6100 1359.9 4.5.40 4.422 1.533 0,13'
0.244.' 0.2124 0.3891 0.3749 0,6593 0.6352 1572.5 4.296 4.139 1.614 0.144
0.271? 0.2363 0.3648 0.3472 0.6661 0.6339 1749.5 4.027 3.033 1,666 0,149
0.'9I- 0.2553 0.3379 0.3173 0.6497 0,6101 1809.6 3.730 3.503 1.709 0.153
- 1.:i1 0.2710 0.3125 0.2692 0.6290 0.5022 2005.9 3.447 3.193 1.733 0.155
0.3319 0.2807 0.2803 0,2539 0.5915 0,5357 21ý7,1 3,095 2,803 1.761 0,15'
0.3896 0.3389 0.1567 0.1203 0.3936 0.3020 2500.9 1.730 1.328 1.737 0.155

"Soe figure 51.
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TABLE 14. FAN SPEED 3500 RPM, CONFIGURATION 3*

CENTRIFUGAL FAN TEST DATA REDUCTION PROGRAM

(AMCA STANDARD 210-67t FIGURE 4.3)

VOLUTE TYPE - ARITH.SPIRAL
VOLUTE EXIT AREA a 144.00 S0, IN.

IMPELLER OUTSIDE DIAMETER (INCHES) 12.000
IMPELLER WIDITH FACTOR (SINGLE WIDTH FAN) 0.216
IMPELLER INSIDE DIAMETER (INCHES) 7.962
IMPELLER EXIT BLADE ANGLE (DEGREES) 61.500
NOZZLE DIAMETER (INCHES) 6.994
INCLINATION OF MANOMETER BANKS (DEGREES) 11,533

INCLINATION OF I[1FF. MAN. (DEGREES) 11.533
TOROUE ARM LENGTH (INCHES) 10.000
DUCT AREA TO CHAMBER (SOFT) 1.000
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.500

BAROMETER HEIGHT (INCHES OF MERCURY) 29.290
AMIIENT AIR TEMPERATURE (DEGREES F) 56.500
WET BULB TEMPERATURE (DEOREES F) 53.000
WATER DENSITY (LBS/CUFT) 62.384
AMbIENT AIR DENSITY (LSS/CUFT) 0,07468

FAN SPEED - 3500 RPM

PHI FHI PSI PSI ETA ETA FLOW PRESS PRESS POWER NP
TOTAL STATIC TOTAL STATIC TOTAL STATIC

CFM IN WG IN WO NP

0.0 0.0 0,4129 0.4129 0.0 0.0 0.0 6.200 6.20B 0.594 0.034
0.0657 0.0740 0.4487 0.4470 0.5229 0.5208 639.2 4.74; 6.712 1.299 0.074
0ý1382 0.1194 0.4369 0.4324 0.5381 0.5326 1030.9 6.569 6.502 1.983 0.11:

0.1742 0.1505 0,4204 0.4133 0.5753 0.5656 1299*4 6.321 6.214 1.24T 0.127

0.210L 0.1819 0.4116 0.4012 0.6266 0.6107 1570.5 6.18F 6.032 2.443 0.130
0.2429 0.2098 0.3686 0.3747 0.6459 0.62B8 1812.0 5.843 5.634 2.587 0.14,.
0.7424 0.2353 0.3613 0.3436 0.6445 0.6133 2032.3 5.433 5.170 2.699 0,1ý3

0,7943 0.2543 0.3342 0,3138 0.638e 0.5996 2195.9 5.025 4.718 2.7'1 0.154
0.31"3 0.269e 0.3073 0.2843 0.6156 0.5696 2329,9 4.620 4.274 2.754 0.15&
0.3330 0.2877 0.2795 0.2533 0.5899 0.5347 2484.5 4.202 3.09 2.760 0.15E
0.3917 0.3384 041564 0.1201 0.3948 0.3030 2922.5 2.352 1.065 2.743 0.15!

I

*See figure S2.
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to the conditions at the box inlet. In accordance with the MICA Standard
(reference 1) recommendation, a very small total pressure correction for the
length of the duct to the box beyond the end of the normal diffuser was
included as appropriate. However, the absence of this correction has negligible
effect on the results.

CONFIGURATION 3

Figures 53 through 79 illustrate test results for the final Bell compact volute,
as described below.

Figures 53 through 55 show the results of the inlet bellmouth velocity surveys
at three operating points.

Figure 56 shows the volute exit plane pressure measurement locations, and
figures S7 through 60 show the results of the volute exit plane surveys at
these locations for four operating points.

Figures 61 through 63 show the impeller blade inlet flow angle survey results
at three operating points, and figures 64 through 66 show the impeller blade
velocity survey results at the same three operating points. Figures 67 through
69 show the results of the impeller blade inlet pressure surveys at three
operating points, and figures 70 through 72 show the impeller blade exit flow
angle survey results at these three operating points. Figures 73 through 75
show the impeller blade exit pressure survey results for the three operating
points.

Figure 76 is a diagram showing the locations within the volute at which pres-
sure readings were taken. Figure 77 shows plots of these pressure readings
as a function of actual and radial positions.

Figure 78 shows the results of a longitudinal pressure survey through the
inlet bellmouth at a radius of 2.6 inches from the impeller shaft axis.
Figure 79 shows the corresponding velocity for this pressure survey.
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CONFIGURATION 4

For the log spiral volute, Configuration 4, a spiral angle of 10.9 degrees was
chosen, and the volute width of 9 inches was maintained. The polar coordinates
for these volutes are shown in table 15, which is the output from a computer
program used for this purpose. The spiral itself is shown in figure 80 (also
see figure 81), and may also be seen as the outermost spiral on the Plexiglas
volute walls in figures 7 and 8. The spiral angle chosen was the result of
a compromise between design for efficiency and the need to keep the volute
exit plane height within reasonable limits. Nevertheless, better efficiency
was expected, and the performance results shown in figures 82 through 87 and
tables 16 through 20 were somewhat disappointing, although the pressure/flow
goal was closely approached.

Volute exit and inlet surveys were made before proceeding with the JEFF(A)
volute, Configuration S.

Figure 88 shows the Configuration 4 volute exit plane pressure measu:ement
locations, and figures 89 through 91 show the results of the volute exit plane
surveys at these locations for three operating points.

Figure 92 shows the impeller blade inlet flow angle survey results at the
second operating point, B, and figure 93 shows the impeller blade velocity
survey results at the same operating points.

Figure 94 shows the results of the impeller blade inlet pressure survey,
figure 95 shows the results of the impeller blade exit flow angle survey, and
figure 96 shows the results of the impeller blade exit pressure survey at
operating point B.
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TABLE 15. LOG SPIRAL DEFINITION

THETA (DEG) RADIUS (SAIE AS RO)

10.0 6.204920.0 6.4169

30.0 616361

40.0 O,8b627
i]50.0 7.0971
S•60,.0 7,3 39IQ6

1 70.0 7.s9o2
80.0 7.8495
90.0 8.1176

100.0 8.3949
110.0 8,6816
120.0 898

1 130,0 9.2848
140.0 9.,020
150.0 9.9,

. 160.0 10.2691
170.0 10.6199
180.0 10.982t

190.0 11,3578
200.0 11.7457
210.0 12.1469
220:0 12.5b18
230.0 12.,9909

240.0 13,434,1
250.0 13.8935
260.0 14.3t080
270.0 14.8588
280.0 1S. 3t3
290.0 IS.8912
300.0 16b.4340
310.0 16.9953
320.0 17.5758
330.0 18. 1ll
340.0 18.79t9
350.0 19.4390
360.0 20.1029370.0o 2o. 1o29•
380.0 21.4997

•I CONSTANT • 685.S77
SPIRAL ANGLE (DEG) 1 10.893
SASE CIRCLE RADIUS (RO) - 6.000
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TABLE 1cy. FAN SPEEV 2500 RPM, (IINFGLIfRATION 4'

CENTRIFUGAL FAN~ TEST DATA REDUCT!ION PROORAN~

tAPPCA STANDARD 2l0'-67# rZOLIRE 4.3)

VOLUITE TYPE - LOG-SPIRAL
SP'IRAL ANG.A 10l.09 DEGREES
V1IUTE EXIT AR~EA a 196.7: SO. IN.

IMPELLEK OUTSIDE DIAMETER IINCHES)
3M' ELLER WI~DTH FACTOR (SINGLE WIDTH FAN) 0.11
IMPELLER INSIDE DIAMETER (INCHES, .0
RM5ELLER EX~IT ELAVE A'43.E tDEGkEESI 1)5"
NV::LE DIAMETER (INCHES) .V
INZ:INATION OF MtANOMETER DANNS (PEGREES 153
INCLINATION OF VIFF. MAIN. (DECREES) 11I533
Toka2UE ARM I.EN37H (INCHNES)
DUCT AREA TO CHNAMIER t5aFT) .9
DUZT AF.EA UFWSTREAIN OF NOZ:LE (SOFT)

PAROPMCTER HEIGHT (INCHES OF MERCURY)209c
A"!.IVNT AIR TEMP0ERATURE tI'EGEES r) 5.ý
WET PULPL TEMF(RATV.RE (DEGREES F) 9.0
hIATE& DENS!T'I (LIkSTCVFTl Z3-
AM.$IENT AiR DENSITY (LOSI'tUM .T)6ý

FAN SPEED "Soo0 RpmN

PHI FNI psi PSI ETA ETA FLOWJ PRESS rRMS poiaf~ P,p
TOTAL. ST&ATC TOTAL STATIC TOTAL STATIC

0.0 0.0 0.4040 0.4040 0.0 0.0 0.0 3.169 ý1 6 0. M, 0.03!
0.0"74 0.00'4 0.4170 0,416Z 0.364' 0.36440 41. 3.`?I 3.:!*?! 0.!,l cl0~0.
O.dZ43 0.1091 0.092 0.4073 0.41540 0.4f,4 06%.0 3."10 3.lv~ 0.14: 0.1:
0-16V~ 0.1469 0.39,3 0.3#30 0.5Z31 0.5190 905.4 3.117, 3.0(tc o 0.1t
0.19e! 0 -I'3UI0 .3011 0.30*1 0.53V6 0,53:0 1 04*'.' 3.069 3.0:q 4S? - .144Jý

0.21'Z: O.Z3e 0.3605 0-35l.' 0.4055 0o"s*tg 1460.v ..$:a Z.1b5 I-("! .
0.9 0.2456, 0.3400 003:90 0.631.5 0.61oz 1503.4 :.669 1.591 1.0!! (11ý

0.33,45 0..5 0.3130 0.3013 0.6174 0.5f.'# 464 .i .* .* .~
0.34k 9 266 0.* 29! 0..1679 0.5943 0~~o i@'!I .0 .01-65 A* .!
004010 0.3408 C'.1503 0.130Z 0.3027 0.1339 2151.9 l.iS1 1.C0: 8.019 0.154

"See figure 6.1.
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TABLE 17. FAN SPEED 3000 RPM, CONFIGURATION 4*

CENTRIFUGAL FAN TEST DATA REDUCTION PROGRAM

(AMCA STANDARD 210-67, FIGURE 4.3)

VOLUTE TYPE - LOG-SPIRAL
SPIRAL ANGLE - 10.89 DEGREES
VOLUTE EXIT AREA e 198.72 SO. IN.

IMPELLER OUTSIDE DIAMETER (INCHES) 12.000
IMPELLER WIDTH FACTOR (SINGLE WIDTH FAN) 0.217
IMPELLER INSIDE DIAMETER (INCHES) 7.982
IMPELLER EXIT BLADE ANGLE (DEGREES) 61.500
NOZZLE DIAMETER (INCHES) 6.994
INCLINATION OF MANOMETER BANKS (DEGREES) 11.533
INCLINATION OF DIFF, MAN. (DEGREES) 11.533
TORQUE ARM LENGTH (INCHES) 10*000
DUCT AREA TO CHAMBER (SOFT) 1.380
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.500

BAROMETER HEIGHT (INCHES OF MERCURY) 29.280
AMbIENT AIR TEMPERATURE (DEGREES F) 69.100
WET ;?ULB TEMPERATURE (DEGREES F) 57,200
WATER DENSITY (LBS/CUFT) 62.308
AhBIENT AIR DENSITY (LBS/CUFT) 0.07309

FAN SPEED - 3000 RPM

PHI FHI PST PSI ETA ETA FLOW PRESS PRESS POWER NP
TOTAL STATIC TOTAL STATIC TOTAL STATIC

CFM IN WG IN WG HP

0.0 0,0 0,4074 0,4074 0.0 0.0 0.0 4.398 4.398 0.414 0.038
0.0762 0.0663 044211 0.4204 0.Z529 0.3523 490.8 4.546 4.538 0.995 0.09t
0.1282 0.1115 0.4141 0.4120 0.4553 0.4530 825.6 4.471 4.448 1.276 0.117
0.1685 0.1466 0.4026 0.3991 0.5046 0.5001 1085.1 4.347 4.308 1.471 0.134
0.2070 0.1807 0.3999 0.3944 045566 0.5491 1337.9 4.317 4.251 1.633 1.14C
0.24J2 0.2116 0.3824 0.3750 0.5855 0.5742 1366.0 4.128 4.049 1.737 0.159
0.2728 0.2373 0.3639 0.3541 0.6260 0,6107 1756.5 3.929 3.829 1.733 0.159
0.e94 6 0.2563 0.3414 0,330; 0.6249 0.6050 1897.5 3.686 3.569 1.761 0.161
0.3174 0,2761 0.3163 0.3037 0.6170 0.5V24 2044.0 3,415 3.279 1.780 0.163
0.3309 0.2948 0.2602 0,2657 0.5773 0.5475 2182.2 3.025 2.869 1.799 0.164
0.4003 0.3483 0.1489 0,1287 0.3794 0.32B0 2578.1 1.607 1,389 1.719 0.157

*See figure 84.
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TABLE 18. FAN SPEED 3000 RPM, EXTRA POINTS,
CONFIGURATION 4*

CENTRIFUGAL FAN TEST DATA REDUCTION PROGRAM

(AMCA STANDARD 210-67t FIGURE 4.3)

VOLUTE TYPE - LOG-SPIRAL
SPIRAL ANGLE - 10.89 DEGREES
VOLUTE EXIT AREA - 198.72 SO, IN.

IMPELLER OUTSIDE DIAMETER (INCHES) 12.000
IMPELLER WIDTH FACTOR (SINGLE WIDTH FAN) 0.217
IMPELLER INSIDE DIAMETER (INCHES) 7.982
IMPELLER EXIT BLADE ANGLE (DEGREES) 61.500
NOZZLE DIAMETER (INCHES) 6.994
INCLINATION OF MANOMETER BANKS (DEGREES) 11.533
INCLINATION OF DIFF. MAN. (DEGREES) 11.533
TORQUE ARM LENGTH (INCHES) 10.000
DUCT AREA TO CHAMPER (SOFT) 1.380
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.500

BAROMETER HEIGHT (INCHE6 OF MERCURY) 29.350
AMBIENT AIR TEMPERATURE (DEGREES F) 70.300
WET PULP TEMFERATURE (DEGREES F) 56.000
WATER DENSITY (LBS/CUFT) 62.299
AMBIENT AIR DENSITY (LBS/CUFT) 0.07314

FAN SPEED - 3000 RPM

PHI FHI PSI PSI ETA ETA FLOW PRESS PRESS POWER rP
TOTAL STATIC TOTAL STATIC TOTAL STATIC

CFM IN WG IN WG HP

0.0 0.0 044015 0.4015 0.0 0.0 0.0 4.330 4.330 0.390 0.036
0.0102 0.0009 0.4089 0.4089 0.0933 0.0933 65.8 4.419 4.41P 0.490 0.04:'
0.0"31 0.0.01 0.4117 044117 0.1775 0.1775 148.5 4.449 4.448 . 0.0•,3
0,0460 0.')407 0.4138 0.4135 0.2"33 0.-731 301.4 4.471 4.460 0.776 0.011
^1'•.190 0,0S20 0.4130 0.4126 0.3104 0.3101 305.1 4.463 4.41SR 0.V') 0,.0F0
OQhIIA 0,0' ' N 0.4153 044144 0*3710 0.3707 525,Z 4.407 4.470 1.000 010Q)
"!.1006 0.0945 0.4150 0*4135 0.4282 0.4267 699.2 4,4P4 4.460 1,1 2 0.10t,
0.W101 0.0958 0.4076 0.4061 0.3023 0.3009 709.0 4.405 4.300 1.271 0,1!'
0.1503 0.1300 0.3980 0,3959 0.4781 0.4753 966.0 4.309 4.270 1.31 0.127!
0.O491 0.1472 0,3986 0.3950 0.5068 0.50Z2 10e9.2 4.307 4.ý68 1.4!. 0.13,1
0.74 0.1630 0.3933 0,3889 0.5265 0.5206 1206.8 4t250 4.202 1.533 0.140
0.2077 0.1907 0.3930 0.3976 0.5406 0.5520 1337.0 4.247 4.100 1.59t 0.146

oSei figure 8S.
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TABLE 19. FAN SPEED 3500 RPM, CONFIGURATION 4*

CENTRIFUGAL FAN TEST DATA REDUCTION PROGRAM

(AMCA STANDARD 210-67# FIGURE 4.3)

VOLUTE TYPE - LOG-SPIRAL
SPIRAL ANGLE a 10.89 DEGREES
VOLUTE EXIT AREA a 198.72 SO. IN.

IMPELLER OUTSIDE DIAMETER (INCHES) 12.000
IMFELLER WIDTH FACTOR (SINGLE WIDTH FAN) 0.217
IMPELLER INSIDE DIAMETER (INCHES) 7.982
IMPELLER EXIT FLADE ANGLE (DEGREES) 61.500
NOZZLE DIAMETER (INCHES) 6.994
INCLINATION OF MANOMETER BANKS (DEGREES) 11.533
INCLINATION OF DIFF. MAN. (DEGREES) 11.533
TOROUE ARM LENGTH (INCHES) 10.000
DUCT AREA TO CHAMPER (SOFT) 1.380
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.500

BAROMETER HEIGHT (INCHES OF MERCURY) 29.850
AMPIENT AIR TEMPERATURE (DEGREES F) 61.500
WET BULB TEMPERATURE (DEGREES F) 52.800
WATER DENSITY (LBS/CUFT) 62.35B
AMtIENT AIR DENSITY (LBS/CUFT) 0.07564

FAN SPEED * 3500 RPM

PHI PHI PSI PSI EYA ETA FLOW PRESS PRESS POWER KP
TOTAL STATIC TOTAL STATIC TOTAL STATIC

CFM IN WO IN NG HP

0.0 0.0 0.4032 0.4032 0.0 0.0 040 6.128 6.120 0.683 0.03F
0.0786 0.0694 0.4180 0.4172 0.3593 0.3587 590.6 6.351 6.340 1.644 0.091
0.1313 0.114Z 0.4109 0.4088 0.4571 0.4547 906.2 6.245 6.21: 2.1:1 0.110
O.IA96 0.1476 0,3989 0.3954 0.5024 0.4979 1274.3 6.062 6.009 2.4:1 .
0,:0v. 0.1020 0.3991 0.3936 0.5607 0.5530 157145 6,065 5.VQZ :.677 0.34V
0,2431 0.2125 0,3830 0.3756 0,5053 0,5741 1826.6 5.820 5.708 :.860 0.15,R
0.2726 0.2371 0.3625 0.3533 0,1240 0.6080 2047.8 5.509 5,368 :.P43 0.15S
0,955 0.2571 0.3366 0.3256 0.6133 0.5934 2220.2 5.115 4.940 ".915 0.162
0.3150 0,2747 0.3141 0.3015 0,6058 0.5817 2372.5 4.772 4.582 -.943 0.164
0.3381 0.2941 0.2901 0.2658 0.5752 0.5458 2540.1 4.257 4.039 2.960 0,16•
0.4004 0.3403 0.1483 0,1201 0.3748 0.3238 3008.0 2.254 1.947 2.049 O.1•6

*See figure 85.
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TABLE 20. FAN SPEED 4000 RPM, CONFIGURATION 4*

CENTRIFUGAL FAN TEST DATA REDUCTION PROGRAM

(AMCA STANDARD 210-67# FIGURE 4.3)

VOLUTE TYPE - LOG-SPIRAL
SPIRAL ANGLE a 1O.89 DEGREES
VOLUTE EXIT AREA a 198.72 SO. IN.

IMPELLER OUTSIDE DIAMETER (INCHES) 12.000
IMPELLER WIDTH FACTOR (SINGLE WIDTH FAN) 0,217
IMPELLER INSIDE DIAMETER (INCHES) 7.982
IMPELLER EXIT PLADE ANGLE (DEGREES) 61.500

NOZZLE DIAMETER (INCHES) 6.994
INCLINATION OF MANOMETER BANKS (DEGREES) 11.533
INCLINATION OF DIFF. MAN. (DEGREES) 11.533
TORGUE ARM LENGTH (INCHES) 10.000
DUCT AREA TO CHAMBER (SOFT) 1.380
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.500

BAROMETER HEIGHT (INCHES OF MERCURY) 29.850
AMBIENT AIR TEMPERATURE (DEGREES F) 6e.1VO
WET BULB TEMPERATURE (DEGREES F) 56.000
r WATER DENSITY (LBS/CUFT) 62,315
AMBIENT AIR DENSITY (LBS/CUFT) 0.07468

FAN SPEED - 4000 RPM

PHI FHI PSI PSI ETA ETA FLOW PRESS PRESS POWER KF
TOTAL STATIC TOTAL STATIC TOTAL STATIC

CFM IN WG IN UG HP

0.0 0.0 0.4050 0.4050 0.0 0.0 0.0 7.941 7.941 1.020 0.039
0.0785 0.0683 0.4193 0.4175 0.3544 0.3537 674.3 8.202 8.187 2.456 0.093
0.1269 0.1104 0.4131 0.4111 0.4456 0.4435 1069.4 0.100 6.061 3.116 0.116
0.1650 0.1436 0.4026 0.3991 0.4901 0.4059 1417.1 7.694 7.627 3.S92 0.136

0.20L6 0.1788 0.4003 0.3951 0.5445 0.5373 1765.0 7.851 7.747 4.005 0.151
0.2410 0.2104 0.3850 0.3777 0.5784 0.5674 2076.1 7.550 7.407 4.265 0.161
0.2737 0.2381 0.3637 0.3543 0.6192 0.6033 2349.9 7.131 6.947 4.259 0,161
0.2974 0.2587 0.3375 0.3265 0.6126 0.5926 2553.5 6.619 6.402 4.341 0.164
0.3193 0.2778 0.3109 0.2902 0.5972 0.5728 2741.5 6.098 5.840 4.405 0.166
0.3386 0.2946 0.2804 0.2661 0.5721 0.5429 2907.7 5.499 5.210 4.398 0.166

*See figure 87.
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FAN RPM: 3000
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"5. JEFF(A) VOLUTE AND DIFFUSER, CONFIGURATION 5

The JEFF(A) volute geometry was carefully reproduced in accordance with the
drawings provided in the JEFF(A) Scale Model Test Programs Lift Fan Performance
EvaZuation (Report No, ALRC 9737-0621, April 1977).2 The JEFF(A) configura-
tion is shown diagrammatically in figures 97 and 98 for comparison with the
other configurations, and the ALRC drawings are reproduced in figures 99
through 101.

Performance tests were carried out at speeds of 2500, 3000, 3500, and 4000 rpm.
The results are presented in figures 102 through 106 and tables 21 through 24.
Surveys were performed at both the volute exit plane and at the diffuser exit
plane for three operating points and two fan speeds, as indicated by the matrix
shown in table 6.

Surveys were also made of the flow entering the inlet and blades, and the flow
leaving the blades. Velocity (airspeed and direction) was determined from
the total and static pressures recorded. The locations at which all these
measurements were made are indicated on figures 25, 26, and 27.

Figures 107 through 109 show the Configuration S inlet bellmouth velocity sur-
vey results for three operating points.

Figure 110 shows the volute exit plane pressure measurement locations, and
figures 111 through 113 show the results of the volute exit plane surveys
at these locations for three operating points.

Figure 114 shows the diffuser exit plane pressure measurement locations, and
figures 115 through 118 show the results of the diffuser exit plane surveys
at these locations for four operating points.

Figure 119 shows the impeller blade inlet flow angle survey results at the
second operating point, B, and figure 120 shows the impeller blade velocity
survey results at the same operating point.

Figure 121 shows the results of the impeller blade inlet pressure survey,
figure 122 shows the results of the impeller blade exit flow angle survey,
and figure 123 shows the results of the impeller blade exit pressure survey
at operating point B.

For all the fan tests described in sections 4 and 5, the reader is referred
to section 6, Discussion of Results.

2 j. B. Stek, JEFF(A) Scate Model Tost Progr•ws Lift Fan Perfoy-Tance Ev';wa-

, ticn *Aerojet Liquid Rocket Company Report No. ALRC 9737-0621, April 1977).
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TABLE 21. FAN SPEED 2500 RPM, CONFIGURATION S5

CENTRIFUGAL FAN TEST DATA REDUCTION PROGRAM

(AMCA STANDARD 210-67t FIGURE 4.3)

VOLUTE TYPE - HEBA-P
U 6.75

VOLUTE EXIT AREA v 114,10 SO.

IMPELLER OUTSIDE DIAMETER (INCHES) 12.000

IMPELLER WIDTH FACTOR (SINGLE WIDTH FAN) 0.217

IMPELLER INSIDE DIAMETER (INCHES) 7.982
IMPELLER EXIT BLADE ANGLE (DEGREES) 61.500

NOZZLE DIAMETER (INCHES) 6.994

INCLINATION OF MANOMETER BANKS (DEGREES) 11.533

INCLINATION OF DIFF. MAN. (DEGREES) 11.533

TOROUE ARM LENGTH (INCHES) 10.000

DUCT AREA TO CHAMBER (SOFT) 0.792

DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.500

BAROMETER HEIGHT (INCHES OF MERCURY) 29.620

AMBIENT AIR TEMPERATURE (DEGREES F) 64.500

WET BULB TEMPERATURE (DEGREES F) 56.500

WATER DENSITY (LBS/CUFT) 62.340

AMBIENT AIR DENSITY (LBS/CUFT) 0.07456

FAN SPEED - 2500 RPM

PHI FHI PSI PSI ETA ETA FLOW PRESS PRESS POWER KP

TOTAL STATIC TOTAL STATIC TOTAL STATIC
CFM IN WO IN G HP

0.0 0.0 0.4381 0.4381 0.0 0.0 0.0 3.349 3.34C 0.244• 0.C30

0.0813 0.0707 0.4622 0.4598 0.4161 0.4139 436.2 3.533 3.515 0.563 0.00

0.129P 0.1129 0.4456 0.4394 0.5231 0.5158 696.5 3.406 3.3'q 0.714 0.111

0.1683 0.1464 0.4276 0.4171 0.5801 0.5659 903.2 3.269 3.184 0,801 0-1:4

0.2083 0.191Z 0.4293 0.4033 0.6157 0.5921 1117.9 3.205 3.063 0.916 0.142

0.7392 0.2081 0.3951 0.3740 0.6255 0.5921 1283.6 3.021 2.B5V 0.9' 0.I51
(,' 0.2345 0.3768 0.3499 0.6361 0.5907 1446.6 2.881 2.675 2.031 0.160

.i94,' 0.2560 0.3524 0.3204 0.6.76 0.5705 1578.9 2.694 2.44T 1.06' 0.16l

O.SAI4 0.2727 0.3301 0.2937 0.6282 0.5572 1682.1 2.523 2.24S 1.06' 0.16T

0.3321 0.2889 0.2979 0.2571 0.5815 0.5018 3782.0 2.278 1.965 1.09 0.170

0,3921 0.3411 0.1761 0.1190 0.4073 0.27S2 104.1 1.346 0.710 1.095 0.170

*See figure 103.
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TABLE 22. FAN SPErF 3000 RPM, CONFIGURATION S-

CENTRIFUGAL FAN TEST DATA REDUCTION PROGRAMs*1155*,,.$esss$1,*sww ,,*5sssss11s*5,s1ss,

(AMCA STANDARD 210-67# FIGURE 4.3)

VOLUTE TYPE - HEPA-B
U/'I,'s2 a 6.75

VOLUTE EXIT AREA a 114.10 SO. IN.

IMFELLER OUTSIDE DIAMETER (INCHES) 12.000
IMPELLER WIDTH FACTOR (SINGLE WIDTH FAN) 0.217
IMFELLER INSIDE DIAMETER (INCHES) 7.982
IMFELLER EXIT BLAVE ANGLE (DEGREES) 61.500
NOZZLE DIAMETER (INCHES) 6.994
INCLINATION OF MANOMETER BANKS (DEGREES) 11.533
INCLINATION OF DIFF. MAN. (DEGREES) 11.533
TOROUE ARM LENGTH (INCHES) 10.000
DLtCT AREA TO CHAMBER (SOFT) 0.79:
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.500

BAROMETER HEIGHT (INCHES OF MERCURY) 29.620
AMI.IENT AIR TEMPERATURE (DEGREES F) 65.000
WET PULB TEMPERATURE (DEGREES F) 56.000
WATER DENSITY (LPS/CUFT) 62.337
AMB.IENT AIR DENSITY (LBS/CUFT) 0.07451

FAN SPEED a 3000 RPM

PHI FHI PSI PSI ETA ETA FLOW PRESS PRESS POWER Kr
TOTAL STATIC TOTAL STATIC TOTAL STATIC

CFM IN WG IN WG HP

0.0 0.0 0.4362 0.4362 0.0 0.0 0.0 4.798 4.798 0.314 0.02S
0.0809 0.0704 0.4622 0.4598 0.4272 0.4250 520.8 5.085 5.058 0.976 0.0c
0.1314 0.1143 0.4452 0.4389 0.5439 0.5361 946.1 4.898 4.828 1.200 0.10S
0.1686 0.1464 0.4302 0.4198 0.5888 0.5746 1083.4 4.733 4.618 1.371 0.1:3
0.2074 0.1804 0.4211 0.4053 0.6334 0.6096 1335.3 4.633 4.458 1.537 0.13S
0.2379 0.2069 0.3952 0.3744 0.6366 0.6030 1531.8 4.348 4.119 1.647 0.14S
0.2730 0.2375 0.3746 0.3471 0.6289 0.5827 1758.0 4.121 3.619 1.814 C.163
0.2949 0.2565 0.3529 0.3208 0.6235 0.5668 1899.0 3.882 3.529 1.861 0.16'
C.314' 0.2735 0.3264 0.2899 0.6069 0.5390 2024.2 3.590 3.189 1.885 0.16V
0.1314 0.2883 0.2923 0.2517 0.5703 0.4911 2134.4 3.216 2.769 1.894 0.170
0.3V26 0.3415 0.1753 0.1181 0.3971 0.2676 2528.2 1.928 1.300 1.933 0.173

*See figure 104.
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TABLE 23. FAN SPEED 3500 RPM, CONFIGURATION 5*

CENTRIFUGAL FAN TEST DATA REDUCTION PROGRAM

(AMCA STANDARD 210-67t FIGURE 4.3)

VOLUTE TYPE - HEpA-p

U/bDi2 - 6.7n
VOLUTE EXIT AREA = 114.10 SO. IN.

IMPELLER OUTSIDC DIAMETER (INCHES) 12.000
IMPELLER WIDTH FACTOR (SINGLE WIDTH FAN) 0.217
IMPELLER INSIDE DIAMETER (INCHES) 7.98:
IMPELLER EXIT BLADE ANGLE (DEGREES) 61.500
NOZZLE DIAMETER (INCHES) 6,994
INCLINATION OF MANOMETER BANKS (DEGREES) 11.533
INCLINATION OF DIFF. MAN. (DEGREES) 11.533
TORQUE ARM LENGTH (INCHES) 10.000
DUCT AREA TO CHAMBEk (SOFT) 0.792
DUCT AREA UPSTREAM OF NOZZLE (SOFT) 15.500

BAROMETER HEIGHT (INCHES OF MERCURY) 29.620
AMBIENT AIR TEMPERATURE (DEGREES F) 65.000

"WET PULP TEMý'ERATURE (:DEGREES F) 56.000

WATER DENSITY (LBS/CUFT) 62.337
AMBIENT AIR DENSITY (LBS/CUFT) 0.07451

FAN SPEEDr 3500 RPM

PHI FHI PSI PSI ETA ETA FLOW PRESS PRESS POWEk hP
TOTAL STATIC TOTAL STATIC TOTAL STATIC

(CFM IN WIG IN WC HP

0.0 0,0 0,4373 0.4373 0.0 0.0 0.0 6.548 6.548 0.676 0.036
0.0801 0.0697 0.4603 0.4580 0.4261 0.4240 602.0 6.893 6.858 1.533 0.01Z
0-1ý10 0.1140 0.4467 0.4403 0.5395 0.5318 984.5 6.688 6.594 1.921 0.10P
0.1644 0.1465 0.4303 0.4199 0.5881 0.5738 1265.2 6.444 6.288 2.182 0.123
0.207S 0.180S 0.4211 0.40S2 0.6361 0.6122 1559.0 6.305 6.068 2,432 0.13'
U.2392 0.2081 0.3929 0,371Y 0-S364 0,6023 1797.4 5.884 5.568 2.616 0.14V
0.:726 0.2372 0,3739 0.3465 0.6374 0.5906 2048.3 5.598 5.180 2.832 0.!6%A
0.2942 0.2560 0.3524 0.3204 0.6273 0.5705 2210.4 5.276 4.790 -.927 0.)6
0.3117 0.2711 0.3283 0,2924 0.6087 0.5422 2341.6 4.16 4.378 2.977 V.:6V
0.3307 0.2877 0.2941 0,2537 0.5745 0.4955 2494.9 4.404 3.79w 2.999 0.16V
0,3882 0.3378 0.1728 0.1163 0.3904 0.2639 2916.9 2,567 1.749 3.043 0.11',

*See figure 105.
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TAFLF :4. FA% SPUEP 4000 RI'M. CONFI&ORATION S4

CrPfl~rLtc.L FAN TEST f.ATA RUK'L.'TICK rROCZ..AM* ** *****i********* *3lSSe*******3eluUU3l***

(AMCA STANV'AKR 210-6's FIGUKr 4.3'

V0I.,T[ TYF -TVFA-1

VOLLUTE E\IT AREA - 114.10 SO. IN.

IXMFLLIR LUTSIHE [:ANETEI (INCHES) 12.000
IMrELLER WI',TN FACTOR (SINGLE WIDTH FAN) 0.:17
IMPLLrR INC-1[, DIAMETER tINCHES) 7.VV
If(EiLER E[IT KLAVE AN6LE (I.GCEES) 6l,:00

NC::LC DIAMETER (INCHES) 6.q4
INCLINATION OF MANOMETER FANNS (DEGREES% 13.Z,3
INCLINATI0N or rFrr. hAN. (I.EGREES1 12.n
TOkOUE ARM LENGTN (INCUS 1.0.000
,'LICT AR•A IL CHAN(rk (SCryý 0.7
VUCT AREA UFSTREAM OF NOZZLE (SORT) 15.0oo

FAROmETER HEIGHT (INCHES OF MERCURY) :9.6:0
AHIiIENT AIR TEMFERATURE (DEGREES F) 65.•500
WEI FULV TEMFERATURE (IDEGREES F) 56.000
WATER[ DENSITY (LPS/CUFT) 62.33
AM•FIENT AIR DENSITY (LPS/CUFT) 0.07444

FAN SF•EEr a 4000 RFM

PHI FHI PSI PSI ETA ETA FLOW PRESS PRESS POWER K?
TOTAL STATIC TOTAL STATIC TOTAL STATIC

CFM IN WG IN WG HP

0.0 0.0 0.4374 0.4374 0.0 0.0 0.0 8.547 G0.547 1.041 0.03c
0.0P16 0.0710 0.4k18 0.4594 0.4262 0.4240 700.8 9.024 8.977 2.336 0.066
0.1326 0.11n4 0.4454 0.4389 0,5308 0.5231 1138.6 8.703 8.577 2.930 0.111
0.1'14 0.1492 0.4313 0.4205 0.5683 0,5736 1472.1 8.426 8.217 3.319 0.12:6
0.20tl 0.1619 0.4197 0.4036 0.6220 0.5982 179. .1 8.201 7.807 3,i:I5 0.141
0.2412 0.20€ 0.3907 0.1693 0.6307 0.5961 2071.4 7.63n 7.217 3.,4P 0.141V
0.:729 0.237n 0.3742 0.3468 0.6306 0,5645 2343.6 7.313 6.770 4.:70 0.13.
0.,;1944 0.2n61 0.3511 0.3192 0.6154 0.5595 2527.7 6.061 6.230 4.436 0.100
0.4123 0.2717 0.3234 0.2875 0.5962 0,5300 2681.4 6.320 5.618 4.474 0.1659
0.3306 0.2076 0.292S 0.2=22 0.5636 0.48Z9 2830,S 5s716 4.926 4.532 0.172

Scse figure l U.

Best AvailkbV. Copy
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6. DISCUSSION OF RESULTS

This program led to the accumulation of a very large amount of data, and time
forbids detailed discussion of all of the information obtained. Accordingl\v,
only the main features and items of special interest will be included in this
section.

Sections 4 and 5 contain the detailed definition of the five configurations
tested with the 12-inch-diameter JEFF(R) single-width model impeller, and tabu-
lations and plots of the results.

PERFOR?•t.,NCE AND EFFICIENCY

The performance plots are presented both as composites of all the fan speeds
tested for each configuration, and as individual plots for each fan speed.
The actual test points are clearly shown so that the detailed features of the
nondimensional characteristics are brought out. Figures 124 through 126 show
comparisons of performance for the different configurations. Figure 12" is
a comparison of blade exit velocities. It will be noted that for Configura-
tions 3, 4, and 5, which were radically different in volute shape, the
nondimensional pressure flow curves exhibit a depression or dip at a flow
coefficient of 0,15 to 0.1'5. This feature appears to be absent from Config-
urations 1 and 2, although Configurations 2 and 3 are far more similar than
Configurations 3, 4, and 5. Such a dip in the pressure flow curve is usually
attributed to blade stall. However, in the present application, it is of
no consequence because of its mildness, and because it occurs far from the
design operating point (flow coefficient approximately 0.3).

To facilitate comparison of the various characteristics, and to enable machine
plots to be rapidly executed, the pressure flow cur\'es in the region of low
flow (flow coefficients less than 0.2) have been faired. This action greatly
reduced the ariount of labor required to prepare the plots in this section
and in the following section, which deals with full-scale performance
predictions for potssible AALt use.

SiFgure 124 shows a comparision of the characteristics, based on composite
u curt\es f\r all fan speeds for Configurations I . 2, and 3. It will be noted

Mthat successive odifications to the model test rig volute, originally designed
t\, r different type of impelller. brought the pressure flow characteristics
i-iclose to the ful I-scale design goal (flow coefficient 03,k pressure coeffiI

Scient 0.35). At the sa.me tine, the efficiency increased from ;Approximately

,0 to (', percent. It should also be noted that the flow coefficient at which
the maxii•un efficiency occurs increased from approxinately 0.235 to V..2',5
Figure 12S. which shows the effect of Reynolds nuber on fan efficiency, is
discussed in section q and appears on page 1S2. Figures 129 through 134 are
taIkr e- the -Z ::.I for this study, and are included in section ,.

3 r;:r.~ ",, ,,•,,•,, "" :-t..: , , .:v th:" e ?1 .4 (Bell New Orleans
Prolposal. October 14. 19.').
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pages 185 through 190, for comparison of the performance based on test results
with the analytical predictions made for the proposal.

Configuration 3 was regarded as satisfactory since the full-scale goal was
very closely approached at model scale, particularly at the higher fan speeds,
and application of corrections to full-scale conditions enabled the full-
scale goal to be met, as shown in section 7 and illustrated by figures 135S
through 140 on pages 191 through 196.

Configuration 4 was disappointing, since the efficiency was unexpectedly low,
although the design goal for pressure and flow was quite closely approached.
A comparison of Configurations 3 and 4 is shown in figure 125. Configuration
4 is slightly superior at very high flow coefficients, both in flow and
efficiency; however, this is not in a region of normal operation. It was
felt that considerable improvements could have been made to the characteris-
tics of Configuration 4 if time had permitted. For instance, a narrower
volute would almost certainly have been better, since the volume volute
ratio, U/bd 2 , was very high (19.25). The volute width used was 9 inches,
the same as for Configuration 3. This width was retained as a matter of
economy of time and money. In any case, the performance of the log spiral
volute was mainly of academic interest, since the height of the exit section
precludes its use in a conventional air cushion vehicle (ACV) installation.

The impeller performed much better than expected on Configuration 5, the
JEFF(A) volute. The pressure flow characteristic was slightly superior to
that for Configuration 3; however, the efficiency was slightly lower. A
comparison based on the composite curves for all speeds is shown in figure
127. It will be seen that the pressure flow characteristic passes through
the full-scale design goal.

The reason for surprise was that the JEFF(A) volute has a diffuser which is
not of optimum design. It is not attached so that it is tangential to the
volute spiral at the volute exit section and has an asymmetrical configura-
tion, or offset. Although the velocity surveys confirmed the expectation
that there would be a region of flow separation in the diffuser, apparently
the flow reattaches, and the unusual diffuser geometry does not have a
particularly bad effect on the fan performance.

Before leaving the subject of fan performance, a few words are in order
concerning the model fan efficiency.

The peak efficiency of this model (about 67 percent) is unusually low for
centrifugal fans. Indeed, a study of the blade inlet velocity triangles
for a range of flow coefficients reveals that the blades are experiencing
an adverse negative angle of attack. This condition, which is not conducive
to high efficiency, arises from the fact that the fan blade angle was increased
from SO to 61.5 degrees during the development of the unique JFFF(R)
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Siamese-twin double-discharge lift and propulsion fans. Peak efficiency was

consciously sacrificed to obtain:

o Increased capacity (a higher design point flow coefficient)

o Increased efficiency at the operating point

o Increased structural properties due to a relatively narrower blade
width, and increased beniding stiffness.

Although the original JEFF(A) fan, based on the Airscrew Weyrock Heba B geometry
(SO-degree blade angle) had a peak efficiency of 80 percent at model scale
and a predicted full-scale peak efficiency of 84 percent, its design full-
scale predicted efficiency (flow coefficient 0.27) was only 71 percent (see
reference 2, figure 19). This is insignificantly higher than the correspond-
ing JEFF(B) impeller efficiency (at flow coefficient 0.29) of 70.5 percent
(figure 135). Furthermore, at higher flow coefficients, eg, 0.31 to 0.34, which
are perfectly acceptable operating points for the JEFF(B) impeller, the JEFF(B)
impeller efficiency in either the Bell volute or the JEFF(A) volute is far
higher than that of the JEFF(A) fan, as can be seen from a stuuy of figures
135 and 136.

When comparing efficiencies, it is important to remember that the JEFF(B)
wheel is slightly narrower than the JEFF(A) wheel. The blade width factors
are 0.234 and 0.2175, respectively, so the reference flow coefficient of
0.27 for the JEFF(A) fan corresponds to a flow coefficient of 0.29 for the
JEFF(B) impeller.

PRESSURE AND VELOCITY SURVEYS

Inlet Bellmouth Surveys

Inlet surveys were made for Configurations 3 and S. The plots are to be found
in the appropriate sections for these configurations. Figures 53, 54, and 55
show the results of inlet bellmouth throat surveys on vertical and horizontal
axes for Configuration 3, while figures 107, 108, and 109 show similar results
for Configiration 5. The three operating points selected for making surveys,
A, B, and C, are identified in figure 51 for Configuration 3. Corresponding
points were used for Configuration 5.

All the inlet bellmouth throat velocity survey plots are generally similar.
All are slightly asymmetric, but there does not seem to be any particular
pattern to these variations. In all cases, the flow velocity is highest
near the wall, and is fairly constant near the center fairing. The velocity
increases with flow, as would be expected.
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Perhaps the most important aspect of the inlet flow to note is that it is
definitely not one-dimensional. Therefore, the inlet should not be regarded
as a nozzle with one-dimensional axisymmetric flow, as is assumed for the
venturimeter nozzle, for instance. It is inappropriate to call the ratio
of actual flow through the inlet to hypothetical flow (based on one-dimensional
flow theory and throat static pressure) the coefficient of discharge of the
iilet. ruch terminology implies high total pressure losses and/or reduction
of flow area, neither of which is true.

When it is possible to perform an actual calibration of the inlet by measure-
ment of the discharge from the fan, the value of static wall pressure at the
inlet throat may be a useful indication of flow. However, it must be remembere.I
that it is very dangerous to apply the apparent nozzle coefficient obtained
in this way to some other installation such as a full-size ACV fan system.

In addition to the inlet bellmouth throat surveys for Configuration 3 only,
a survey was made parallel to the fan impeller axis at a radius of 2.6 inches,
approximately halfway between the throat radius and the bullet radius, as
shown in figure 78. The survey commenced in front of the bellmouth entry
plane and continued to the back of the fan. As expected, the minimum static
pressure occurred at the throat. It was noted that the throat static pressure
in this preliminary survey was lower than the values found during the
detailed throat surveys. However, the plot in figure 78 is interesting,
since it shows that the static pressure commences to fall well outside the
inlet, and after reaching a minimum at the throat, rises due to diffusion
before the blade leading edge is reached, recovering 75 percent of the throat
depression. Since the velocity of the air entering the blades is bout 40 ft/s
(figure 6S), the loss of total pressure aould appear to be only about 10
percent of the throat depression.

Blade Inlet and Exit Surveys

Pressure and velocity surveys were made for both the impeller blade leading
edge (inlet) and the trailing edge (exit) for Configurations 3. 4, and S.
Traverses were performed for these operating points for Configuration 3,
and for one operating point (the maximum efficiency point) for Configuration!
4 and S.

So far as is known, this is the first data published for the blade inlet
flow conditions. Mhile it had always been suspected that there was a higher
degree of angularity to the flow than simple theory would suggest, it was
surprising to find out that the pre-swirl was negative over part of the blade
span. This is believed to be due to flow separation from the inner wall (it'
the blade shroud, but the phenomenon deserves more detailed investigation
than was possible in this limited program. It will be seen from figures 61,
62, and 63 for Configuration 3 that the flow angle varies across the blade
span. and although there is undub5tedly some scatter in the data due to the
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difficulty of manipulating the probe, there seems to le a p|attern to the
results showing a sharp reduction of swirl near midspan. Configuration 4
showed a considerable proportion of the span with negative swirl lie, swirl
in the opposite direction to the impeller rotation. and essentially, :ero-'Wirl
over the rest of the span (figure 92}]. Configuration 5 showed it similar
distribution of inlet flow angle to that of Configuration 3.

The surveys of inlet flow velocity gave consistent results and smooth curves,
particularly for Configuration 3 (figures 64, 65, and w)). It will be seen
that the velocity peaks near the midspan and increases wi h increasing flow
as expected. The floh calculated from the blade leading edge velcity survey
is in reasonable agreement with the measured fan flow; however, it is generall%
a little higher because of the leakage flow which is recirculated to the inlet
bellmouth through the inlet bellmouth/impeller gap.

It was noted that the blade inlet velocity plot for" Configuration S (figure
120) was of distinctly different form from the corresponding plots for
Configurations 3 and 4 (figures 64, 65, 66. and 93). The values of velocity.
however, are consistent with the corresponding values for Configurat ion% 3
and 4. and with the measured flow. No explanation can be offered at the
present time for the difference in the shape of the curves, which show
velocity tending to a maximum at the back of the impeller.

The curves of inlet total and static pressure across the span of the blades
are snooth and consistent. As would be expected, the difference between tot-al
anid static pressure increases with flow rate. loch pressures tend to fall
towards the back of the impeller, particularly for Configuration 4 (figure c"g'

The blade exit flow angle surveys produced smooth and consistent curves shO-uu•:
the angle increasing toward the back of the impeller and increasing with
flow as expected. Since the JEFF(B) impeller has a higher blade angle
((1.5 dregres) than the JEFF(A) impeller (S0degrees), the exit flow angles
for the JFFF(B) impe ler are considerably higher thaul those for the .111:1 1A)
impeller (reference 2). Also. there is a distinct difference in the shape
of the curves for the two impellers, most noticeably near thl design flou
pints, as shown for example by figure "2 (Configuration 3) and figure .,o.
reference Z.

The exit flow angles for Configuration 5 are quite similar to those fo,, CO,,-
figuration 3. However, Configuration 4 had an exit flow angle dJ ;trilst io,
quite different from an% of the others (figure 95). but which se-emed to
reflect the shape of the inilet flow angle distribution curve ('figure 9.,

The exit static and total prei,'slre curves appeared to present rio surprises
arJ ver, generally similar to those obtained b- AIWR for the .IIT'1FA) M'del.
The -lade exit velocity plots showeJ that velocity tends to increase tohard
thz- back of the impeller. There was a noticeable difference in the shape
ef the velocity curve for the three configurations tested. A conarisen
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is shown in figure 127. Configuration 3, which had the highest efficiency,
has the highest average blade exit velocity. However, Configuration 4 showed
both the highest velocity (at the back) and the lowest velocity (at the front
shroud). It is not possible to present a detailed comparison of all features
of the curves in this report; however, some words of caution are in order
at this point, as follows.

If the flow leaving the impeller was uniform in the spac.. between an), blade
and the one following it, knowledge of the fan geometry, impeller speed, and
the measured flow would enable the blade exit velocity triangles to be
constructed for different operating points. The blade exit absolute velocity
(speed and flow angle) should be in reasonable agreement with the results
of the blade exit surveys. If the exercise is performed, it will be found
that this is not generally the case; the flow angle, in particular, appears
to be higher than that predicted by simple analysis. The reason is that
the flow leaving the blade trailing edge is highly nonuniform circumferentially
and spanwise. Any kind of probe used to survey the flow leav'ing the impeller
will be subjected to a pulsating pressure and velocity. The values recorded
by the instrumentation will be some kind of mean or average over the time
and space interval between blades.

It is beyond the scope of this report to present a detailed analysis of this
phenomenon or to correlate the observed values of pressure, velocity, and
flow angle with a refined analytical prediction.

In view of the fact that experimental data now exists for three volute
configurations with the JEFF(B) impeller and one configuration with the
JEFF(A) impeller, it would seem to be a useful task for a future study or an
extension of the present stud), to examine all the relevant data in greater
detail and to attempt a correlation with a suitably modified mathematical
flow model for fans of this type.

VOLUTE AND DIFFUSER EXIT PLANE SURVEYS

The volute exit planes for Configurations 3, 4, and 5 were completely surveyed,
and maps showing contours of equal velocity were prepared. In addition, for
Configiuration 5 only, the diffuser exit plane was surveyed and mapped.

The most striking aspect of all these contour maps is their complexity,
reflecting the confused nature of the flow leaving a centrifugal fan volute.
For Configuration 3, all the maps show a region of high velocity and steel,
velocity gradients in the lower left-hand corner, which is close to the
impeller discharge location. However, there are other regions at the middle
right and upper left portions of the map where the velocity is almost as
high (figures 57 through 60). Configuration 4 shows the high velocity region
near the impeller discharge location and the less pronounced region of high
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velocity at the middle right. However, at the top right, it exhibits a
distinct region of low velocity where Configuration 3 tended to have a
region of high velocity (figures 89 through 91).

Configuration S was the most interesting, since in addition to the regions of
high velocity in the vicinity of the wheel discharge on the left, it showed
low velocity, and reverse flow for two operating points, at the lower left
(figures ill through 113). The region of reverse flow, due to its odd shape,
is believed to indicate separation of the flow from the diffuser wall.
However, when the diffuser exit survey maps are examined (figures 115 through
liS , no region of very low velocity or reverse flow is evident. This
suggests that the flow reattaches before leaving the diffuser.

For all the volute and diffuser exit surveys, static pressure was recorded,
but the variation of static pressure across the sections was not large.
Accordingly, plots of static pressure were not prepared because of the
severe restriction of time available and the large number of other figures
in the report.

MISCELLANEOUS TESTS

In the course of the test program, several minor investigations of interest
were performed.

For Configuration 1, the axial location of the inlet bellmouth with respect
to the impeller was varied for operating points in the vicinity of the design
operating point. Figures 31 , 32, and 33 show the three positions of the
bellmouth which were tested. Figure 34 shows the spread of pressure coeffi-
cient and efficiency obtained. The smallest clearance gave the best result,
and this was used for all subsequent testing.

From a previous IRFID investigation, it was known that the static pressure
in the vcolute near the inlet bellmouth was much lower than the static pressure
at the v\olute exit section. 9nowledge of the pressure at the impeller/inlet
hellmouth interface is necessary, together with knowledge of the bellmouth
throat wall static pressure, if it is desired to make an accurate estimate
of the flow through the clearance gap between impeller and belhmout h. It is
totally incorrect to assiume that the former is equal to the fain discharge
total pressure and that the latter can be calculated from one-dimensional
isentropic flow in the inlet, as ,was done in reference 2, appendix 4, p 62.

riguie 77 shows the results of static pressure measurements inside the volute
at the locations indicated in figure 76. It can be seen that the static
pressure at the impeller/inlet interface is only 1 inch HbO (scale magnifi-
cation factor is 5), whereas table 13 shows that the fan discharge static
pressure was greater than 4.1 inches H.O), with a total pressure of almost
4.3 inches t1,0. Figure 54 indicates an inlet throat wall velocity of about
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115 ft/s corresponding to a static pressure depression of about 3 inches H 02
below atmospheric pressure, Thus, the total static pressure difference
across the inlet clearance gap is close to 4 inches H20. This is very much
less than the pressure difference calculated by the method of reference 2,
which would add the fan discharge total pressure, 4.3 inches H 0, to the one-2
dimensional throat depression, 1.9 inches H20, to give a total of 6.2 inches
H2 0 differential pressure.

Assuming a mean gap of 0.02 inch and a flow coefficient of 0.70, the flow
through the gap with the Bell-estimated pressures is given by

i= Idt c Cdc Vc/1 4 4  ft 3/s

Vc 2g0 ft/s
P

where

g = 32.174 (dimensionless constant, numerically equal to standard

gravitational acceleration)

AP = Pressure difference across gap, lbf/ft 2 , or inches H2 0 x 5.2

0 = Air density at the gap for 70°F, 0.075 lb/ft 3

Qc = Flow through clearance gap, ft 3/s

dt = Diameter of throat, inches

c Clearance gap between bellmouti and impeller, inches

Cd = Coefficient of discharge of gap
c

V = Velocity of flow through gap, ft/s.c

Substituting the throat diameter dt = 7.25 inches (at gap) and c = 0.020 inches
with Cdc = 0.7 when Vc is calculated to be 135 ft/s for a pressure difference
of 4 inches H20, gives Qc = 0.295 ft 3/s or 1 percent of fan flow.

0
At a local temperature of 70 F, this corresponds to a mass flow (not weight flow)
rate of 0.0218 lb/s. Weight is a force and does not flow in the sense that a
gas flows. Had the method of reference 2 been used, the fl)w would have been
estimated to be 0.354 ft 3/s or 0.026 lb/s. Although this final difference is
not great, the method used here represents much more accurately the physical
conditions which exist in the fan.

Prior to the detailed inlet throat surveys, the existence of a measurable pre-
swirl of the air entering the fan blades was demonstrated by a hand-held Pitot-
static wedge probe traverse inserted at one location only (see figure 26).

180



_ _ _ _ _ _ _ _ _ _ _ _ _ BWfl Aeraswae O I
Divistin ot lo~lton Inc

7. FULL,-SCALE PERFORDIANCF PREDICTIONS

The two configurations selected for full-scale performance predictions were
the Bell Compact Volute, Configuration 3, and the JEFF(A) Volute and Diffuser,
Configuration S.

Both of these configurations led to model scale nondimensional pressure flowcharacteristics which met the design point performance based on the proposal

predictions for the JEFF(B) impeller in a Bell-designed volute (figure 135). For
ease of comparison and plotting, a single design point was selected as the goal.
This point was for pressure coefficient 4t = 0.35 and flow coefficient * 0.30,
and is shown on the various model test performance plots.

TWo corrections were applied to the model data only for the purpose of making
full-scale performance predictions. A compressibility correction was applied
to the pressure and flow coefficients in general accordance with the method
shown in reference 1, but taking into account the discussion and method

presented by the author in reference 4.4 It should be noted that the correc-
tion is small and if disregarded, it does not affect the validity of the
conclusion that the performance goal was met.

Additionally, a Reynolds nutnber correction was applied to the fan efficiency
in accordance with the expression given by Pampreen in equation (1).

There are several expressions which have been proposed for calculating ful!-
scale fan efficiency from model test results. Figure 128, from reference 2,

j shows a comparison of these methods applied to a fan whose full-scale Reynolds
number is 2. l07. The ordinate shows the ratio of model scale efficiency
t- full-scale efficiency. It will be seen that, except for the method of
Balje, Pampreen gives the senllest difference in model and full-scale eftfi-
ciency for the range of Reynolds number shown. Because the full-scale Reynolds
number used to construct the diagram is so high, figure 128 cannot be used
directly to compute full-scale efficiencies for the AALC fans, but it serves
a very useful purpose in illustrating the relative magnitudes and ranges of
applicability of the various Reynolds number correction methods:

1 - nF ( .6 ampreen! Icl

N0- 1tO) \ ReFS/

where ReFS shall not exceed 4 10 .

4 Technical Note, Fa) n t': ,':, 'cfi":t:o,: for the r Ir~r'ar: (Bell New
V. Orleans Report No. TN/2KStS/119, April 8, 1975).
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I ) (Req

0- + O*S \e-ID (Ackeret) (2)

Equation (1) is the expression that ALRC used in reference 2. It is more
conservative than the expression due to Ackeret, equation (2), which is given
in reference 1. For comparison, the full-scale efficiency computed by the
Ackeret method is also shown for part of the ellficiencN curve near the design
point in figures 135 and 136. If the larger correction were applied, the
predicted full-scale horsepower would be reduced accordingly. It is not
recommended that this reduction be taken into account in evaluating the power
required for the full-scale craft.

When the e~ficiency of a full-scale fanl is found to be higher than that of
the model due to Reynolds numb-er (viscosity) effects, it will generally be

-t found that the power coefficient is reduced apart from any observed increase
in the pressure coefficient. Accordingly, it is not permissible to ulse the
predicted increase in efficiency due te Revunolds nuirber effects when scaling
up model data to give a proportionate increase in pressure coefficient, as
was done by ALRC in reference 2, p 24, since this implies no change of power
coefficient, K ,. Accordingly', the fanl would absorb the same power as if
simple scaling applied, ie,

FS MOD

j In fact, there is no easy way to determine to what extent an increase in
efficiency is, reflected by a reduction of power required or by an11 increas-e
in pressure. In any actual case, the situation is obscured by minor di ffter-
ences which inevitably are present between the geometry of the full1-scale
fan and the model by which it is represented.

Figure 05~ shows the mnodel andi full-scale noid imensit.,na 1 characteri stic,,
for the J1UFF (I) impellIer in the Bell -designed compact vo lute (Con figurat ion 3),

I:

and figurt, l3t shows the modtel and full -sca-le nondimensional characteristics
for the JEFF() impeller in the JFF5 (A) volute (Configuration 5).

Figures 13' and 138 show dimensional performance characteristics for the
4S-inch-d e 1aet r coTT(P) impeller in the f ell 1-designed compact volbthe.
Figures 139 and 140 show the performance tor the same impeller in the 7Th1(A)
vrolute. On figures 13 through 140, the shaded box represents the range ot
pressure and flow in which it is desirable to operate the JEFF(Au craft at
its design condition.
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It will be seen that for both the Bell-designed volute and the JEFF(A) volute,
the desired pressure and flow can be obtained with fan speeds well below
the value of about 2450 rpm required for the original JEFF(A) fans.

Although the full-scale performance predictions are shown for 4-foot-diameter
impellers, the existing JEFF(A) volutes are capable of accepting wheels up to
SO inches in diameter. Figures 141 and 142 show dimensional performance of
the impeller with a 49.5-inch-diameter in the Bell-designed volute and the
JEFF(A) volute, respectively.

If a wheel larger than 48 inches in diameter, but less than 50 inches in
diameter was used, there would be a very slight reduction in nondimensional
performance due to the reduced volute volume ratio. Figure 143 shows the
predicted relationship between fan speed required to produce the desired
performance and impeller diameter. Curves are shown for 59'F and lO0F
ambient temperature.

18
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8. CONCLUSIONS

1. The performanct vf the 12-inch-diameter JEFF(B) model fan impeller
met the performance goal based on the proposal predictions in the Bell-designed
volute, Configuration 3, for both pressure/flow and efficiency (see figures
129 and 135).

However, the shapes of the pressure/flow and efficiency curves were
a little different from the proposal predictions.

2. The performance goal for the Bell-designed volute was also closely
matched when the impeller operated in the model JEFF(A) volute, Configuration S.
The pressure/flow goal was Flightly exceeded and the efficiency was slightly
lower than in the Bell-designed volute.

Accordingly, the performance in the JEFF(A) volute was better than
expected (see figures 129 and l30).

3. The efficiency in the log spiral volute was disappointing, although the
pressure/flow goal was closely approached. However, time prevented optimisation
of this configuration.

The log spiral volute configuration was judged impractical for AALC
use due to its height.

4. The JEFF(B) impeller, when scaled to a diameter between 4S and 49.5
inches, is a suitable replacement for the original JEFF(A) fans. The pressure/
flow requirements can be met at a lower fan speed (2:10 to 2290 rpm at 59TF,
depending on diameter, see figure 143) in comparison with the original JEFF(A)
fan speed of 2410 to 2453 rpm. If the existing JEFF(A) volutes are useJ, the
horsepower will be a little higher, due to the slightly lower efficiency. If the
Bell-designed volutes are used, the fan speeds will be a little different fron the
figures given above. ie, 2170 to 2280 rpm, depending on diameter, but the horse-
power will be insignificantly different from that which was quoted by ALRC for
the original JIFF(A) fans.

The full-scale performance preictions will be found in dicensiona,
for. in figures 137 through 142.

S. Extensive pressure and velocity surveys have been carried out for
three volute configurations. including some for which no previous results are
known.

The nature of the flow in a centrifugal fan volute and diffuser has
been shown to be highly com~plex and =ore variable with fan operating ivint than
was thought previously.
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6. The results confirmed the characterization of the JEFF(B) ± ::, as a
high capacity machine having a high operating point efficiency equal to that
of fans with much higher peak efficiency when operating at an equivalent flow
coefficient.

7. The fan exhibited two mild stall points; one at a flow coefficient of
0.715 to 0.20, which caused a slight depression in the pressure flow character-
istic, and the other at a flow coefficient of about 0.075. Based on many years
experience, both at full scale and model scale, with numerous fan character-
istics, it was concluded that these stall points were of no operatiotial
significance.
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9. RECOMMENDATIONS.

1. It is recommended that scaled JEFF'B) fan impellers be considered aF
direct replacements for the existing JEFF(A) fan impellers. The grounds for
this recommendation are:

(a) The desired performance can be obtained at a lower fan speed
and, therefore, lower stress.

(b) There is a range of fan speed and diameter which will satisfy
the requirements, enabling the best match with the engine
characteristics to be obtained,

(c) The existing volutes on the JEFF(A) can be used with only a
small power penalty.

(d) The JEFF(B) impeller is inherently stronger than the original
JEFF(A) impeller, and has been demonstrated to be structurally
adequate at comparable speeds by hundreds of hours of full-scale
operation.

2. Additional programs of this type should be funded by the Navy in view
of the large amount of information which can be generated for relatively small
cost. However, the amount of work attempted under the present contract was
probably too ambitious for the level of funding available.
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APPENDIX A

DATA REDUCTION PROGAMI FOR FAN PERFORDL\NCE



~.OD ZIMENSION PI~TEXt2),TOTP(60)tSTAF'(60),CFM(60),i4HF(60),ME(6C1-E ,0
L .000. 1P,~N1(60),P'SIT(60),F'SIS(60),FHI(60) ,VELF*(60)

.C. 0 0 2,Al-b4I(6o),AFHI(60),AF'SIT(60),AP5SIS60),Ahlr(60) uASE(60)
L.0004 rIIPENSIOH XK(,60tXKF,2(60)
L.000'1 DIMENSION XA1bC(30)pYORr)(30)
L.0006 REAL KtME
L-0007 C
L-0008 C
L.0009 C AMCA NOZZLE DiATA RED'UCTION PROGhAM
i.01%) L

L.0011 C
1.0C12 CA~LL rU'ITF(rATEX'
L-0~013 WF:I TEt .10)(II(ATEX I 1) 1 p 2)
L.0014 10 FORM~AT(?Xt'TOllAYS D~ATE IS',1)~.2A4t/p././)
L.00151 C

L .0017

L.0019 C
L.OOZO C
L.0021 CALL IN2i5tVLUTE.UL't'ANGLAEV.ENTFI')
L .O2 C;.'iLL IN2(5#tIWFprIONE,1c2)
L 223 9CALL

Z .04 11 CALL 1142 ( o ARA~d - pAK T ARE KZ''C IlL T

L , ,1 011 ror~t,..r(lxt/,'IF NO PRINT IS t'ESIKErlo E~NTER 0. 01ýhEkWISE E~!rF, I
L.00!7

L .28CALL IN2ý9#IF'RINT)
IF (IFRINT *EQ. 0) GO TO 1112

L C'C31 N0 *3RMATt34XCENTRIFU0A VA~N TEST DATA REDUCTION PR')RAMK'A

L.0033 2.'/39X' (AhCA ;TANI'Arill 210-67li FlOLIkE 4. 31'''
L. 3 4 C

.01ý3SIF(VLUITEI 1#203
L.0036 1 CONTINJE

L.003-1 WRITV(ca.4' UHI,#AFV
L.003V 4 FORIATi3v'VOLUf TYP~E - NEPA- ."ý's o[* 'FS. 3*.'p3
L . 03 ' tVOLLUTC EXIT AREA tF7.!'.' SO. I.N.'.

L .00N40 GO TO 5
L .01041 : CONTINUE
L.-004: WK1tfC(6.6 #*tNL,AC%,
L.0)043 6 FOkMAT.30X'klOLUTE TYFE - L0C*-SF1RA... !/3)kSFYAL eti\GLE I...f'
L.'4 #GREES'/30XVVLUTE EXIT AREA a. ~'F6.Zo $0.
Lj L.-045 G.O TO 5j ~~~~L.C)%*4 3 CONTINUE T~.-AIHS1.L3V0tEEI FL
L .0047 WF,!TE(h,') ,\Tv
L.004¶i9 7 FORMiAT( 3OX 'V0iUTE vt-AIHSkL/3Xk0lTrX FL%

L.0050 3 CONTIN~UE
L.0051 WR.1E(6,a) DbDF*EtNE.1~oIA6eIPEeP.PETA,1ARt4,ARMMAREA~.

L .00!;:' 9 F0F.MAT(30X('IrFFLLER 0UTSI%'E DIXAMETER (IC F'.'
L.0053' A'30X IfELLER L'Itill FACTOR (S1VLv 1,11`1H F.ANl'pF1.3t
L.. 005a I'/30X'IMFELL1R INSIDE ['IAME!ER (ZNLHES),V1jA.3#

LoOO'J'l C*30X'IMFELLER EXIT 1IL41-E ANC'.E (I'EtEESý'vPt6.3o
L10056 E/3k0X'NDO6ZLE DIAMtETER. (INCt!ES).v7.3t
L.00S7 F/30X INCLINATION OF hANDI4ETIER 'NNhS tff.CORLtFS'#T1.3.
L .0058 I/0'N1NO or fl?ýF. MAN. WSKFRES1.tF16.3o
1.005V O.'30X'T0R0UC ARM~ LENGTN (!NrNES)'vFF:5.ls
L-0060 N/30XCfLICT AREA 10 CNAK1PER (S(W~-TP.#F'4.lo
L.0041 J'3%0V'UCT AhEA UPSTR~EAM Of NOME' (60V!).Flb.3)
L.0062 1112 CONTINUE
L.0063 12 CALL lN2(5vbA#VbAvWEtA)
L.04*4 C
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L .O065 C DENSITIES
L-0066 C
L.0067 13 SUP' *2,Y59VE-4*WIA**2.-1,5927E-2*WbiAt.4102
L.00,68 PUP -SVP- (IPA* (DEIA-WBA) /2700.)
L.0069 DlENA u(?O,73*C4F*A-.378*PVP))/(53.35*(Ii1IA4459.7))
L.0070 D'ENS =0.075

1.0071 C

1.007Z 15 BPS *SF'5*SIr(FETA/57.297)

L. 00776 PD' wPF'*S I N (IETA/57. 297)

* ¼L.0078 C
L.0079 16 DENS .E'ENA*(t459.74DBA)/(459.74DtP5))*((14FA+(SP5/13.62)l/PF'A)
L.0080 5P2 =SF,7

L.0081 I'EN2 *I'ENA* ((459.7+11W)/ (459. 7+DI'2))*((IPA+ (SF 2/13-62) ) /FF'A)
L.0082? rlENWa1.95I5783440.25454931?t(459.7+IlE4A)-2.Q959711ýýE-04*(CQ1.'4tiFA
L.0063 7.)**2-2,790905018E-O7*( 459.7tFbA)**3+3.27?664262E-104(459.741IA,,44
L.0084 C
L.0085 C
L.0086 36 CONTINUE
L.0087 IF(KN.EO.1)OO TO 33
L1.O0%.)8 GO TO 32
1.0069 33 CONTINUE
1.0090 IF' (IF'RINT .0. 0' 00 TO 1113

S#IlL.0091 URITE(6t34) 14Av,lAw4A.WAI'ENWi,'ENA
I..0092 34 FORMAT(//30X'PARUMETER HEIGHT (INCHES OF HERCURY)'eFlS.3,
L.0093 1/30X'AMIIENT AIR TEMPERATUWE U1'GR\EF.S P)'pFj6,3,
L.0094 M/30X'WET P'ULP TEMPERATR (ItEGREES F)'#F19.3.I

L .0095 N./IOX*WATER DENSITY cLf4S!CtIFT)',FZ!7,39
L.0096 F'/3OVAMPIENT AIR' DENSITY (1j4$/CUFT)'tF.4.6w,//~)

AdL.0097 1113 CONTINUE
1.0098 K-
L.0099 C
1.0100C

L. 010 1 3S CONTINUE
1.0102 NNRI*M-RF M
L.0103 IF 41PRU4T EQ. 0) 00 TO 1114
L.0104 L'RXTE(6s30) NNhfM
L.0105 30 FORMAT(T:l.FAN SPEED, a 'tISt'RP /t11(S//
L.0106 AT1~~.2.FI.3tP9'T5''Ii5#EA,6.T'T0
L.0107 P'Q',T76,'FRES5¼tT94,'FRESS'PT93.'HF''.T)I.'tNF'/

H L.0100 CT36CTOCTAL',T44O'STATIC¼tT52,*TO1A1W.1b0.*STAT1C',T69.'CFM T'4
L.0109 D'T0TA1¼#T04.'5TATIlC/)
L.0110 1114 CONTINUE
L.0111 3Z CONTINUE

f 1.011 C
1,01l1 C COEFFICIENT OF EX(PANSION
L.0114 C
L .0115 rAlAI '.-(.024S4t (ENS/VEN5)WPi')
L.0116 tk W1.40
L1. 0117' CONI ~/-f
L.0119 CON2 *i2.N
1.0119 CONS (-aI 1L.0120C
1.0121 Pi w3.1415926
L.0122 C
L,0123 1? AREA6-PIS*sIA6**2.,4,t44.
L.0124 10 EKFl 1 CON1S(RAl1.3CONZI
L,0125 EXP2 r1.-(NAT14pC9N3)
L.0126 E)U 3 # I.-F,147I
L.0127 EKP4 *1.-(AREA6tS2./AREAS#12.)
1.0120 EXPB *1.-(RATIs.CON2)UA,*RCA6S,2./AREA5SS:.))
1.0129 1F(tI'.EO0.)0O0 TO 4)
L.0130 YCOF *SORT4EXP1.tXP24XP3)sSgRT(EXP4/EXP5)
t.O131 00 TO 21
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L.0132 C COEFFICIENT OF DISCNAFkGE
L40133 41 YCOF a1.0
L.0134 21 RENO s(411000.S1IXA6/12.*YCOF*S0RT(DENS*PD/JPENS))/5C1RT(EXF-4)
L.0135 22 IF(RENO*LT.30001sGa TO 25
L.0136 IF(RENO.LT.100001.)GO TO 26
L.0137 IF(RENO 1LT*350001.)GO TO 27
1,013S 00 TO 28
L.0139 C
L.0140 25 C06 -.87461396+1.54579745E-5*R.ENO-1.30831O12E-9*(RENO*$2.)
L.0141 1+5.96198193E-14*(kENO**3.)-1.32826681E-18*(kENO**4.)
L.0142 2+1.128~8606E-23*(PRENc1$*5.)
L.0143 00 TO 29
L.0144 26 C06 -.6892462242.08224462E-5*RENO-6.02062031E-10*(RENO**2.),
L.0145 1+8.63182291E-15*tRENO$*3. )-6.06992050E-20*(RENO**4.)
L.0146 2+1.67242754E-25*(REN0S$S.)
L.0147 00 TO 29
L.0148 27 C06 u.9240123941.43400064E-6*RENO-1.28199635E-i11*(REN0I**:.)
L.0'149 1+5.7983793!E-17*(RENO**3.)-l.26629424E-22*(FRfNO*$4.)
L.01S0 2+1.06633774E-2S*(RENO**5.)
L.0151 GO TO 2V
L.0152 29 C06 w0.994
1.01-: C
L,0154 C CALCULATIONS
L.0155 C
L.0156 29 CFM5 =1096.7*CO6*AREA6*YCOF*SORTCF't/I/[EN5)
L.0157 VEL2 -CFM5*rIEN5/AkEA2?/l'EN2
L.0158 VELP2(1)i (VEL2.'1096.7)s*2)*r'EN2
1.0159 TF'2*SP2+VELF'2(I)*(1+XaLT/ZZDUCT*0.02)
L-0100 TOTF'(I)nTPZ
L.0161 TF()S*
L .0C-162 CFII I )xCFftS*tEN2.'t'ENA
L.0163 hJGTwWG7-TAFRE
L.0164 14HF(I)a2.*F1*6WGT*TAKMSRPM/33,,00./12.
L.0165 ME(IDw crm(I)/60.*TOIF,(I)/12.*L'ENW/l'HF'.1)/550.
L.0166 SE(I)wflECI)*STAF'(I )/TOTPCI)
L.0167 TF'IX a (TF2+406.0)/TFP2
L.0168 TFP2Y w 1./TP2X + 1.
1.016Y IF(FC'.IE.0t) 00 TO 60
L.0170 CORP' a CON) * ME(I) S TP2X * (TP;!Y ~*(CON3/ME(X)) 1.
1.01?1 IF (COMP~ GE. 0.990) 60 TO 60
L.0172 MESAVE - ME(I)
1.01'ý3 MEQl) a COMPF * MEtI)
L.01'14 COMP' o CON) * ME(I) 6 TF'2X *(TP2Y 8* CON3/ME{Z)) 1.)
L.0175 ME~l) a COR~P * MESAVE
L.0176 60 CONTINUE

L.0177 %VTwPI*D*RF'N/60./12.Ii:.10176 VFAN.60.*FPli*$*2.8VT*ENTFZY.'144.
L.0179 PNICI)*CVMCI)/VFAN/WF

1.0190 *S1T(I)uTOTF(1)/(I'ENA/32.17)/ýVT**2*tDEN4U/2.

1,0181 ('SIS(I)mPSJTtZ)#SIAP(IZ)TOTP(I)1 ~ 1.0102 rH!(J1vC7N(I/VFAN*4.
1.01P3 IF(PP-L.E.0.) G0 TO 61
L.0184 XKPJ(I 0 PHIMI 0 PSIT(I) / "EMl
L1.0 185 X&P2CZ)mFNI(I)*F'SIT(I)/MElZ)

L.0187 C61 )*SeJT"
L.0109 00 TO 62

L .01E8 61 CONTINUE
L-0190 )99Wt'WO*H(1)( RA3.1*%PsD
L.0191 URITC*XK(6.3)/N

-' ~~~~L.OM'0 37 rORNAT (I~x.6rg4.r.P,3s.)

L.0198 311 CONTINUE
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L*0277 505 CONTINUE
L*0278 YSCALE a 0.1
L*0279 YPEGIN a 0.0
L*O280 00 TO 3000
L40291 3000 CONTINUr
L .O292 CALL RAXIS(XSTAFRTYSTAFRT ,DUMIIUMXLWIrDEO.0,XE4EGXNXSCALE)
L,0283 CALL ftAXIS(XSTAFkToYSTAFRTIUMI'UNPYLTALL,9O.#Y1'EG1NvPSCALE)
L,0284 CALL PPLOT(XSYARTPYSTARTt-3)
L.00:5 CALL TAGGIT

A L,0296 XABC(J*1) w XF'PON
L*0287 XAl.C(J*2) - XSCALE
L.0280 YORDZ(J+1) - Y14EGIN
L*0269 YORI(J+2) a YSCALE
L.0290 CALL RLINE(XAEBCsYORt'.Jvl)
L,0291 CALL RLOT(-XSTAFkTrYSTARiTp-3)
L.0292 CALL TAGGIT
L.0:93 X0f TO 1000
L.0294 306'CONTINUE
L.0295 hNo1
L *O096 JlNaI
L.0297 IF(CONTRL)12#12#38
L.0296 30 CONTINUE
L.0299 STOP
L.0300 END~
L.0301 SUIMFOUTINE TAGGIT
L.0302 CALL ItUrlMP
L.0303 WJRITE (6#1000)
L.0304 1000 FORMATC*.'LTT'Y
L.0305 RETUR'N
L.0306. END
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L.0204 WRITE (602020)
L.0205 2020 FORMAT(/,'TO SKIP ALL PLOTTING, ENTER I '/'TO PLOT PHI VS. ANY VAR
L.0206 RIADLE, ENTER 2 '/'TO PLOT PHI VS. ANY VARIAPLE, ENTER 3'///)
L,0207 CALL IN2(9,NACSA)
L.0208 G0 TO (10601116,1117), NA9CSA
L*0209 1116 DO 444 JmI*N
L.0210 XAPC(J) v PNI(J)
L.0211 444 CONTINUE
L.0217 00 TO 55
L.023 1117 DO 555 J-1,N
L.0214 XAPC(J) m FN1(J)
L.0215 S55 CONTINUE
L,0216 XSTART a 1.0
L$0217 XPEGIN a 0.0
L,0211 XSCALE a 0.1
L.0:19 XLWIIDE a 5.0
L.0:20 YSTART n 1.0
L.0221 YEEGIN a 0.0
L.0222 YSCALE - 0.1
L.0223 YLTALL a 8.0
L.0224 ASSIGN 101 TO NUMBER
L.0225 1000 G0 TO NUhl.ER,(101O|102.03,1Q4,1059106)
L.0226 101 WRITE (6P2001)
L.0227 ASSIGN 102 TO NUMBERL.0228 2001 FORhAT(19'TO PLOT ORDINATE PSI TOTAL. ENTER 14 OTHERWISE ENTER 0'
L.0229
L.0230 CALL IN2(9,!GRAPH)
L.0231 IF (IGRAFH .ED. 0) O0 TO 1000
L.0232 1001 DO 501J I O*N
L.0233 YORD2J' PSIT(J)
L.0234 $01 CONIINUE
L.0235 60 TO 3c00
L.02136 102 WRITE (6.2002)
L.023' ASSIGN 103 TO NUMT.ER
L.0239 2002 FORMAT(/t'TO PLOT ORDINATE PSI STATIC, ENTER 14OTHERWISE ENTER 0'
L.0239
L .0240 CALL 1N2(9PIGRAPN)
L.0241 IF (IGRAPN *EO. 0) GO TO 1000
L.0242 1002 DO 502 J "IN
L.0243 YORD(J) a PSIS(J)
L.0244 502 CONTINUE
L.0245 GO TO 3000
L10:46 103 WhITE (6.2003)
L.0247 ASSIGN 104 TO NUMBER
1.0248 2003 FORhAT(/.9TO PLOT OKRINATE ETA TOTAL. ENTER 21 OTHERUISE ENTE; 0L90249 $i/1/)

L.0250 CALL IN? (9,IGRAP0I)
L.2:51 Ir (IGRAPH .EO. 0) GO TO 1000
L.021: 1003 DO 503 J IotN
L60253 YORD(J) a ME(J)
L.0254 503 CONTINUE
L.05:5 YSCALE a 0.2
L.02Z6 YFEGIN a -0.9OI CQ'7 00 TO 3000

L.0:5 104 WRITE (6.20041
L.022 ASSIGN 1%5 TO NU!NbER
L.0260 2004 rOkRATA/s'lO PLOT ORDINATE ETA STATIC, ENTEk 14 OTN•EWISE ENTER 0
L.0:61 $I//)
L.1.O1.62 CALL IN2 k9,IOAFNH)
L.0263 If (IGRAPH .EO. 0) GO TO 1000
L.0V4 1004 DO 504 J I O.N
L,0265 YORV(J) • SE(J
L.0:46 504 CONTINUE
L.0267 YSCALE a 0.:
L.0260 YPEGIN a -0.8
L.0269 G0 TO 3000
L.0270 105 WRITE (6.2005)
L.0271 ASSIGN 106 TO NU14ER
L.0272 2001 FORNAT(/s*TO VLOT ORDINATE XKfo ENTEk If OTNERWISE ENTER 0'/?/)
L.0273 CALL IN2 (91GIRAPH)
L.0274 If (1GRAP1 .O. 0) 00 TO 1000
L.02•7 1005 DO 505 J 1 1,N
L.0276 TO&D(J) • XKP(J)
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